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This environmental assessment i s  a study done i n  support o f  the  Standards 

and Guide1 ines  Program, o f  t he  A rch i tec tu ra l  and Engineeri  ng Systems Group, 

B u i l d i n g  Systems D iv i s ion .  The Energy Conservation Standards Act o f  1976, as 

amended, requ i res  the  Department o f  Energy (DOE) t o  issue performance standards 

f o r  t h e  design o f  new bu i l d ings .  These standards are t o  be mandatory f o r  the  

design o f  new Federal b u i l d i n g s  and vo lun tary  f o r  a l l  o the r  bu i l d ings .  DOE 

i s  t o  pub l i sh  i n t e r i m  standards, conduct a demonstration study o f  the  impact 

o f  t h e  i n t e r i m  standard, r e p o r t  t o  Congress on the  r e s u l t s ,  and promulgate a 

f i n a l  standard. The DOE has d i v ided  the  development o f  these standards i n t o  

two par ts ,  r e s i d e n t i a l  b u i l d i n g s  and commercial bu i l d ings .  The r e s i d e n t i a l  

bu i  1 d ing  p o r t i o n  has been f u r t h e r  d i v ided  i n t o  Federal and non-Federal bui  l d i  ngs 

due t o  the  spec ia l i zed  nature o f  Federal r e s i d e n t i a l  bu i l d ings ,  which p r i m a r i l y  

house m i  1it a r y  personnel , and the  method used t o  procure housing. 

This  environmental assessment supports the  Federal Resident ia l  Bu i ld ings  

Energy Conservation Standard p o r t i o n  o f  t h a t  program. It s p e c i f i c a l l y  supports 

the  issuance o f  a Not ice  o f  Proposed Rulemaking (NOPR) f o r  the  Federal 

Res ident ia l  B u i l d i n g  Standards, which i s  a step i n  developing the Tnterim 

Federal Resident ia l  Bui l d i n g  Standards lntended t o  permi t  the  broadest publ i c  

comment and i n p u t  t o  t he  standard under development. This NOPR w i l l  have a 

minimum o f  a 90 day comment pe r iod  du r ing  which publ i c  hearings w i l l  be 

scheduled f o r  Washington, D.C., Chicago, I L ,  and San Francisco, CA. A l l  

comments w i l l  be c a r e f u l l y  considered i n  developing the  I n t e r i m  Standards and 

i n  p lann ing  the  subsequent demonstration study. 





SUMMARY 

Under T i t l e  I11 o f  t h e  Energy Conservation and Product ion Act ( the Act) 

(Pub. L. 94-385), as amended, t he  Secretary o f  Energy has the  r e s p o n s i b i l i t y  

f o r  developing vo lun tary  performance standards f o r  a1 1 new r e s i d e n t i a l  and 

commerci a1 b u l  l d i  ngs. For t he  federa l  sector,  t he  standard sets mandatory 

performance l e v e l s  f o r  t he  design o f  federal  bu i l d ings .  For t he  p r i v a t e  sector ,  

t h e  standard i s  vo lun tary  and serves as a gu ide l ine ,  p r o v i d i n g  techn ica l  

i n fo rma t ion  and examples o f  ene rgy -e f f i c i en t  design prac t ices .  The d i r e c t o r  

o f  each fede ra l  agency w i l l  be responsib le f o r  enact ing regu la t i ons  o r  

procedures t o  ensure t h a t  a l l  new federal  r e s i d e n t i a l  b u i l d i n g  designs meet 

o r  exceed t h e  proposed standard. Design pro fess iona ls  c u r r e n t l y  engaged i n  

designing and cons t ruc t i ng  new non-federal r e s i d e n t i a l  b u i  l d ings  around the  

count ry  a re  encouraged bu t  n o t  mandated t o  use it. 

The U.S. Department o f  Energy (DOE) conducted t h i s  environmental assessment 

t o  address t h e  poss ib le  incremental environmental e f f e c t s  o f  t he  proposed 

standards on r e s i d e n t i a l  bu i l d ings  constructed f o r  t he  federa l  sector.  This  

assessment was mandated by the  National Environmental Po l i cy  Act o f  1969, as 

amended (Pub. L. 91-190, January 1, 1970), and the  implementing regu la t ions  

o f  the  Counci 1 on Environmental Qua1 it y  (CEQ) (40 CFR Parts  1500-1508). I f  

promulgated by  the  DOE, the proposed standard would serve as an i n t e r i m  

mandatory standard f o r  federal  sec tor  cons t ruc t ion  o f  r e s i d e n t i a l  bu i  l d ings  

and as vo lun ta ry  guide1 ines  f o r  t he  p r i v a t e  sector.  The scope o f  t h i s  

assessment i s  l i m i t e d  t o  the  poss ib le  e f f e c t s  o f  implementing the  proposed 

standard on t h e  federa l  sector.  The assessment does not  examine irr~pacts t h a t  

t he  proposed standard could have as voluntary gu ide l ines  f o r  the  p r i v a t e  sector  

because i t  would be v i r t u a l l y  impossible t o  forecast  what percentage o f  what 

types o f  p r i v a t e  sector  bu i l d ings  would choose t o  comply w i t h  the  vo lun tary  

standard. This  environmental assessment a l so  does not  examine the environmental 

impacts o f  t h e  proposed standard on commerci a1 b u i  1 dings. The commercial 

standard i s  assessed i n  a separate repo r t  e n t i t l e d  F ina l  Environmental 

Assessment, Proposed I n t e r i m  Conservation Standard f o r  t he  Design o f  New Federal 

Commerci a1 Bui 1 dings (DOE, 1986). The economic and socioeconomic impacts o f  

the  proposed r e s i d e n t i a l  standard have been analyzed i n  a separate document 

(Economi c Analys i  s --- Proposed I n t e r i m  Energy Conservation Standards f o r  New 



Federal Res ident ia l  Bu i ld ings ,  DOE, October 1985) and are o n l y  summarized 

i n  t h i s  repo r t .  

To evaluate t h e  impacts t h a t  t h e  proposed standard would have on the  

environment, DOE reviewed cu r ren t  cons t ruc t ion  p l  ans f o r  federa l  r e s i  den t i  a1 

housiqg and from t h i s  in fo rmat ion  i d e n t i f i e d  n ine  types o f  r e s i d e n t i a l  u n i t s  

t y p i c a l  o f  cu r ren t  and expected cons t ruc t ion  from 1986 t o  1990. For each 

type o f  r e s i d e n t i a l  u n i t ,  a  design was selected and a r c h i t e c t u r a l l y  adjusted 

on paper t o  be f u l l y  t y p i c a l  o f  cu r ren t  design and b u i l d i n g  prac t ices .  Each 

o f  these n ine  "basel ine"  r e s i d e n t i a l  u n i t s  was tes ted  i n  a  se r ies  o f  computer 

s imu la t ions  t o  achieve the  maximum p rac t i cab le  improvements i n  energy 

e f f i c i e n c y .  This assessment inc luded a  1  i f e - c y c l e  cos t  ana lys is .  The energy- 

e f f i c i e n c y  and 1  ife-cyc l  e  cos t  in fo rmat ion  was used t o  a r c h i t e c t u r a l  l y  redesign 

each r e s i d e n t i  a1 u n i t  t o  meet t he  proposed standard. These a r c h i t e c t u r a l  l y  

redesigned r e s i d e n t i a l  u n i t s  became the  "proposed standard" un i t s .  

Thi s  ana lys is  examines the  incremental environmental consequences o f  the  

proposed standard. Di f ferences between the  design o f  t he  n ine  base l ine  

r e s i d e n t i a l  u n i t s  and t h e  n ine  proposed standard u n i t s  prov ide the  bases f o r  

eva lua t i ng  t h e  incremental impacts o f  the  proposed standard. Th is  ana lys is  

o f  incremental environmental impacts emphasizes the  poss ib le  a1t e r a t i o n s  t o  a 

res idence ' s indoor a i  r qua1it y . 

The f i n d i n g  o f  t h i s  r e p o r t  i s  t h a t  the impact o f  t he  standard on b u i l d i n g  

h a b i t a b i l i t y ,  the  outdoor environment, the  economy, and federal  i n s t i t u t i o n s  

would be very small. Spec i f i c  f i nd ings  are summarized below. 

HABITABILITY 

I n  t h i s  assessment, h a b i t a b i l i t y  i s  expressed i n  terms o f  changes i n  var ious 

indoor  a i r  p o l  1  u tan t  concentrat ions and concomitant occupant heal t h  and sa fe ty  

impacts t h a t  can be r e l a t e d  t o  design changes a t t r i b u t e d  t o  the  proposed 

standard. No s i g n i f i c a n t  adverse e f f e c t s  were found t h a t  r e l a t e  t o  b u i l d i n g  

habi  t a b i  1  ity .  



Various pol 1 utants are released continuously or intermittently within 

residential buildings. An indoor air quality computation model that uses 

specific pollution emission values (release rates) for selected materials was 

used to calculate pol 1 utant concentration levels in the nine case-study 

residences, based on base1 ine conditions and on the proposed standard. 

Incremental pol 1 utant concentrations were calculated for particulate matter, 

carbon monoxide (CO) , carbon dioxide (C02) , and nitrogen di 0x1 de (NO2), radon 

and formaldehyde, and are shown in Table S.1. Also, the potential impact on 

indoor air qua1 i ty of chemical compounds and microorganisms was assessed at a 

more qualitative level because the quantitative detail necessary for simulation 

modeling is not available. 

Partlcul ate Matter 


Implementation of the proposed standard is expected to reduce the level of 


particulate matter sl ightly in a1 1 residences where electric cooking appl iances 


replace gas cooking appliances and in residences where the exchange of outdoor 

and indoor air is increased from 0.7 to 1.0 air changes per hour. 


Carbon Monoxide 


Currently, computed indoor concentrations for CO from cooking and smoking 


are well below levels associated with health risk. The proposed standard 


would only reduce CO concentrations. 


Carbon Dioxide 


Residential units designed under the proposed standard are expected to 


maintain low concentration levels of C02. The health risk from indoor C02 


concentrations would not increase. 




TABLE 5.1. 	 Summary o f  Incrementa l  Changes i n  I n d o o r  A ' r  Qua1i t y  f rom t h e  Proposed 
Standard f o r  Federa l  R e s i d e n t i a1 B u i l d i n g s l a )  

N i t rogen  
(~ ! l /n iS1 

i o x l d e  
Radon ( pCi / a  ) 

Res iden t i a l  Fuel Worst o r s t  o r s t  Worst Worst 
Abb rev ia t i on  Heat Cook Typ i ca l  Case Typ i ca l  Case Typ i ca l  Case Typ i ca l  Case Typ i ca l  Case Typ i ca l  Case 

SFR-1S 

SFR-2s 

TH-MU 

TH-Ell 


APT-MII-U 


APT-MI)-D 


APT-EII-IJ 


APT-ELI-0 


MH-MS 

SFR-1s E - H P ( ~ )  Elec.  -21 -36 -0.45 -1.21 -281 -400 -22 -56 -0.053 -0.709 -28.2 -231.5 

SFR-2s E-HP Elec.  -22 -38 -0.47 -1.28 -297 -422 -24 -59 -0.028 -0.369 -35.0 -382.2X 
TH-MU E-HP Elec.  -3 -10 -0.33 -1.09 -118 -248 -24 -61 0 0 -5.2 -11.1 

TH-EU E-HP Elec. -27 -47 -0.58 -1.57 -320 -474 -29 -73 -0.029 -0.369 -36.8 -360.3 

APT-MU-U E-HP Elec. -4 -15 - 0 . 5 0 - 1 . 6 4  -177 -373 -37 -92 0 0 -10.6 -24.5 

APT-MU-D E-HP Elec.  -4 -15 -0.50 -1.64 -177 -373 -37 -92 0 0 -6.8 -13.7 

APT-EIJ-U E-HP Elec.  -4 -15 -0.50 -1.64 -177 -373 -37 -92 0 0 -10.6 -24.5 

APT-EU-D E-HP Elec.  -4 -15 -0.50 -1.64 -177 -373 -37 -92 0 0 -6.8 -13.7 

MH-HS E-HP Elec. -4 -14 - 0 . 4 8 - 1 . 5 7  -169 -357 -35 -88 0 0.012 -11.0 0 

( a )  	 Concent ra t ion  values a re  p r i n t e d  w i t h  extended p r e c i s i o n  t o  i l l u s t r a t e  t h e  d i r e c t i o n  o f  changes. The l i s t i n g  o f  extended p r e c i s i o n  
should no t  be taken t o  imp ly  abso lu te  accuracy f o r  these t y p i c a l  and worst-case values. 

( b )  	 SFR-1s = S ing le - fam i l y  residence, one s to ry ;  SFR-2s = S ing le - fam l l y  residence, 2 s t o r y ;  TH-MlJ = townhouse m idd le  u n i t ;  TH-EU = 
townhouse, end u n i t ;  APT-MI)-\I = Apartment, m idd le  u n i t  ( u p s t a i r s ) ;  APT-EIJ-D = apartment,  m idd le  u n i t  ( downs ta i r s )  ; APT-EU-I1 = 
apartment, end u n i t  ( u p s t a i r s )  ; APT-EU-D = apartment, end u n i t  ( downs ta i r s ) ;  MH-MS a mob i l e  hon~e, 1nu1 t i s e c t i o n .  

( c )  	 NG = n a t u r a l  gas. 
(d )  	 E-HP = e l e c t r i c a l  heat pump. 



Ni t rogen Diox ide 

Release o f  NO2 i n  r e s i d e n t i a l  indoor  environments i s  small. The computed 

concentrat ions o f  NO2 f o r  t he  proposed standard r e s i d e n t i a l  u n i t s  a re  e i t h e r  

t h e  same as t h e  base l ine  r e s i d e n t i a l  u n i t s  o r  a re  s l i g h t l y  lower. 

Radon 

Corr~puted values f o r  indoor  a i r  concentrat ions o f  radon i n d i c a t e  t h a t  f o r  

s i  te -bu i  1 t r e s i d e n t i a l  u n i t s ,  indoor  concentrat ions l e v e l s  between t h e  base1 ine 

and t h e  proposed standard r e s i d e n t i a l  u n i t s  would be e i t h e r  t he  same o r  s l  i g h t l y  

reduced where t h e  proposed standard u n i t s  have an increased a i r  exchange r a t e .  

The mobi le homes designed t o  meet the  proposed standard have a two-inch 

reduc t i on  i n  f l o o r  i n s u l a t i o n  a t  one o f  the  f o u r  c l imates  evaluated. This 

reduc t i on  could have a very small impact on the  i n f i l t r a t i o n  o f  radon from 

s o i l  i n t o  t h e  r e s i d e n t i a l  u n i t .  

Formaldehyde 

The proposed standard i s  expected t o  reduce the  l e v e l  o f  formaldehyde 

concentrat ions.  The reduct ion  could b e n e f i t  c e r t a i n  s e n s i t i v e  i n d i v i d u a l  s 

who have a very low th resho ld  t o  formaldehyde. 

Chemical Compounds 

A l a r g e  number o f  chemical p o l l u t a n t s  have been i d e n t i f i e d  i n  indoor 

r e s i d e n t i a l  a i r .  Many o f  these chemical compounds are e i t h e r  odorous, 

i r r i t a n t s ,  o r  suspected carcinogens. The proposed standard i s  no t  expected 

t o  measurably increase o r  decrease hea l th  r i s k s  due t o  chemical p o l l u t a n t s  i n  

r e s i d e n t i a l  indoor  a i r .  

Microorganisms 

/
Under c e r t a i n  condi t ions,  microorganisms can become indoor a i r  p o l l u t a n t s  

w i t h  a p o t e n t i a l  hea l th  r i s k .  The most severe indoor microorganism po l  1 u t i o n  

problems r e s u l t  f rom growth o f  organisms on a damp surface o r  on stagnant 

water r e s e r v o i r  w i t h i n  the  r e s i d e n t i a l  u n i t .  The p r i n c i p a l  b u i l d i n g  design 



change a f f e c t i n g  t h e  r e s i d e n t i a l  b u i l d i n g ' s  ab i  1 it y  t o  shed moisture- laden 

a i r  i s  t h e  use o f  a i r - t o - a i r  heat exchangers i n  se lected apartment !.Inits 

designed t o  meet t h e  proposed standard. Moisture condensation i s  expected as 

warm moisture- laden a i r  i s  exhausted through the  heat exchanger. Condensed 

moisture, i f  n o t  e f f e c t i v e l y  c o l l e c t e d  and disposed o f  over t h e  e n t i r e  l i f e  

o f  t h e  ope ra t i ng  u n i t ,  can eventual l y  c rea te  host areas f o r  microorganisms. 

The use o f  a i r - t o - a i r  heat exchangers i n  l a rge  numbers i s  a r e l a t i v e l y  new 

phenomenon i n  t h e  U.S. To date, equipment research and use have n o t  proven 

t h a t  a i r - t o - a i r  heat exchanger v e n t i l a t i o n  systems over  t he  long term w i  11 

always be operated and maintained as intended. Thus, t h e  impacts o f  a i r - t o -  

a i r  heat exchangers an microorganism growth and d i s t r i b u t i o n  are  o f  concern 

over t he  l ong  term. 

OUTDOOR ENVIRONMENTAL IMPACTS 

On a na t i ona l  basis ,  t h e  n e t  improvement i n  outdoor environmental q u a l i t y  

from reduced f u e l  usage and reduced i n s u l a t i o n  product ion i s  so small t h a t  

t h e  general magnitude o f  a i rborne po l  1 u tan ts  does not  change. A1 though changes 

i n  outdoor environmental qua1 ity were no t  measured, they are 1ike ly  t o  be 

p o s i t i v e .  

ECONOMIC IMPACTS 

The pr imary na t i ona l  impacts o f  adopt ing the  proposed standard by federal  

agencies, cumul ated over 5 years, would be t o  reduce federa l  government 

expenditures over t he  l i f e  cyc le  o f  these r e s i d e n t i a l  b u i l d i n g s  by about $27 

m i l l i o n  (1985 d o l l a r s ) .  This $27 m i l l i o n  savings i s  comprised o f  f u e l  saviugs 

o f  approximately $53 m i l l i o n ,  o f f s e t  by increased c a p i t a l  costs o f  about $26 

m i  11 ion.  Regional impacts are a lso  expected t o  be smal l .  No d i s c e r n i b l e  

sec tora l  o r  i ndus t r y  impacts would r e s u l t  from adopting the  proposed standard, 

nor  would the re  be any adverse impacts on small business. Some modest 

nonquan t i f i ab le  impacts could be associated w i t h  a change i n  t h e  procedures 

t h a t  r e s u l t  f rom adopting the proposed standard, bu t  these a l s o  are expected 

t o  be very small. 



IMPACTS ON INSTITUTIONS 

The proposed standard i s  not radically different from standards a1 ready 
being used by the federal government or by the private sector. I t  does, 

however, require computer algorithms to  be used i n  assessing compl iance. 
Offsetting t h i s  would be a reduction i n  the amount of paperwork currently 
required to  assure compl iance. 
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1.0 INTRODUCTION 

The o b j e c t i v e  of t h i s  environmental  assessment (EA) i s  t o  i d e n t i f y  t h e  

p o t e n t i a l  env i  ronmental impacts t h a t  may r e s u l t  from implement ing t h e  proposed 

s tandard on f ede ra l  sec to r  c o n s t r u c t i o n  o f  new r e s i d e n t i a l  b u i l d i n g s .  The EA 

does no t  examine t h e  e f f e c t s  t h a t  t h e  proposed standard cou ld  have as v o l u n t a r y  

gu ide l i nes  f o r  t h e  p r i v a t e  sector ,  nor  does it examine t h e  environmental  

impacts o f  t h e  proposed standard f o r  commercial bu i l d i ngs .  I n  t h i s  chapter ,  

background i n fo rma t i on  and s t a t u t o r y  requirements t h a t  l ead  t o  t h e  proposed 

s tandard and t h e  EA are  presented, f o l l owed  by a d iscuss ion  o f  t h e  assessment's 

scope, ob jec t i ves  and approach. The r e p o r t ' s  contents  are a1 so b r i e f l y  

ou t1ined. 

1.1 BACKGROUND AND STATUTORY REQUIREMENTS 

The Energy Conservat ion Standards f o r  New B u i l d i n g  Act o f  1976 ( t h e  Ac t ) ,  

as amended, 42 U.S.C. Sec. 6831 -e t  seq,, requ i  res t h e  Department o f  Energy 

(DOE) t o  i s sue  vo lun ta r y  performance standards f o r  t h e  des ign o f  new res iden-

t i a l  and commercial bu i l d i ngs .  Federal agencies are requ i red  t o  comply w i t h  

t h e  r e s i d e n t i a l  and commerci a1 b u i l d i n g  standards f o r  t he  design o f  new fede ra l  

bu i l d i ngs .  For nonfedera l  b u i l d i n g s ,  co~npliance  i s  vo lun ta r y  and t h e  s tandards 

a re  on l y  vo lun ta r y  gu ide l ines .  

As o r i g i n a l l y  enacted, T i t l e  I11 o f  t h e  Energy Conservat ion and Produc t ion  

Act, Pub. L. 94-385, 90 Stat .  1144 -e t  seq,, requ i res  t h e  Department of Housing 

and Urban Development (HLID) t o  develop, promulgate, implement and enforce com-

p l i a n c e  o f  t h e  performance standards. On August 4, 1977, t h e  Act was amended 

by Sect ion 304(a), 42 U.S.C. Sec. 7154, o f  t h e  Department o f  Energy Organiza- 

t i o n  Act, Pub. L. 95-91, which t r a n s f e r r e d  f rom HUD t o  DOE the  r e s p o n s i b i l i t y  

f o r  developing and promulgat ing t h e  standards. HLID re ta i ned  i t s  implementat ion 

responsi  b i  l i t i e s .  

On November 28, 1979, DOE publ ished proposed performance standards i n  t h e  

Federal Regis ter ,  44 FR 68120, -e t  seq. The n o t i c e  was c o n t r o v e r s i a l  and gen- 

e r a t e d  over 1,800 comments. The comments inc luded  t e c h n i c a l  and o t h e r  substan- 

t i v e  c r i t i c i s m s  o f  t h e  proposed standards. Many commenters expressed concern 



t h a t  t h e  proposed standards were not  t e c h n i c a l  l y  f e a s i b l e  o r  economical l y  

ach ievable .  Furthermore, many commenters s t a t e d  t h a t  t h e  proposed s tandards 

p laced t o o  g rea t  a  r e l i a n c e  on t h e  use o f  a  complex computer program t h a t  t hey  

n e i t h e r  understood nor  cou ld  a f f o r d  t o  use. 

Less than  a yea r  a f t e r  t h e  proposed standards were publ ished,  t h e  Act was 

aga in  amended, by Sec t ion  326 o f  t h e  Housing and Community Development Act o f  

1980, Pub. L. 96-399 (October 8, 1980). Th is  amendment r equ i r ed  t h a t  DOE 

promulgate i n t e r i m  r e s i d e n t i a l  and commercial standards by August 1, 1981, and 

extended t h e  da te  f o r  promulgat ion o f  a  f i n a l  r u l e  t o  Apr i  1 1, 1983. These 

i n t e r i m  standards were on l y  t o  apply  t o  new fede ra l  b u i l d i n g s .  I n  a d d i t i o n ,  

t h e  Act r equ i r ed  demonstrat ion p r o j e c t s  i n  a t  l e a s t  two geographical  areas. 

I n  August, 1981, Congress again  amended t h e  Act and a l s o  de fe r red  t h e  

a p p r o p r i a t i o n  f o r  t h e  program f rom f i s c a l  yea r  1981 t o  f i s c a l  yea r  1982. Sub-

t i t l e  D o f  T i t l e  10 o f  t h e  Omnibus R e c o n c i l i a t i o n  Act o f  1981, Pub. L. 97-35 

(August 13, 1981), amended t h e  Act t o  again  c rea te  " vo l un ta r y  performance s tan-  

dards"  and p rov ided  t h a t ,  except f o r  f e d e r a l  b u i l d i n g s ,  " vo l un ta r y  s tandards 

w i l l  be developed s o l e l y  as guide1 i n e s  t o  p rov i de  t echn i ca l  ass is tance  f o r  t h e  

des ign and c o n s t r u c t i o n  o f  e n e r g y - e f f i c i e n t  bu i l d i ngs . "  The dead l i  nes f o r  

r e p o r t i  ng requ i  rements a1 so were extended. 

The l e g i s l a t i v e  changes t h a t  have occurred s i nce  t h e  Act was enacted i n  

1976 requ i r ed  a fundamental change i n  focus. DOE r e t a i n s  t h e  r e s p o n s i b i l i t y  

f o r  deve lop ing performance standards f o r  a l l  new b u i l d i n g s ,  bu t  these  s tandards 

now serve a dual  purpose. The performance s tandard serves one purpose f o r  t h e  

federa l  sec to r ,  where t h e  standards s e t  r equ i r ed  performance l e v e l s  f o r  t h e  

des ign o f  f ede ra l  b u i l d i n g s .  The Act s p e c i f i c a l l y  d i r e c t s  t h a t ,  except f o r  

federa l  b u i l d i n g s ,  vo lun ta ry  performance standards "...sha l l  be developed 

s o l e l y  as gu ide l i nes  f o r  t h e  purpose o f  p r o v i d i n g  t echn i ca l  ass is tance  f o r  t h e  

des ign and c o n s t r u c t i o n  of e n e r g y - e f f i c i e n t  bu i  1  d ings"  (Sec t ion  304(a) ( 4 ) ) .  

Accord ing ly  , t h e  proposed r e s i d e n t i a l  s tandard serves a second purpose by 

p r o v i d i n g  sound t echn i ca l  in fo rmat ion  and examples o f  ene rgy -e f f i  c i  en t  des ign  

p r a c t i c e s  f o r  p r i  va te  sec to r  gui d e l i  nes. 

As de f i ned  by t h e  Act, t h e  proposed s tandard serves as a  g u i d e l i n e  f o r  t h e  

des ign stage; i t  does no t  apply  t o  t h e  opera t ion ,  maintenance o r  energy 



consumption o f  a b u i l d i n g  once i t  i s  b u i l t .  The proposed s tandard operates by 

s e t t i n g  an energy consumption goal f o r  a b u i l d i n g  (i.e., a q u a n t i f i e d  t a r g e t  o f  

energy consumption a t  t h e  design s tage)  and a method t o  c a l c u l a t e  whether t h e  

des ign meets t h e  energy consumption goal .  

1.2 SCOPE AND OBJECTIVES OF THE ASSESSMENT 

As discussed above, t h e  proposed r e s i d e n t i a l  b u i l d i n g  s tandard s e t s  

r e q u i r e d  performance l e v e l s  t o  be a p p l i e d  d u r i n g  t h e  des ign s tage  f o r  f e d e r a l  

b u i  l d i  ngs. The proposed standard encourages t h e  f i n e - t u n i  ng o f  e x i s t i n g  des ign 

approaches and i n  most cases, i t  i s  no t  expected t o  r e s u l t  i n  r a d i c a l  r es i den -

t i a l  b u i l d i n g  des ign approaches. Th is  assessment addresses t h e  inc rementa l  

environmental  impacts a t t r i b u t a b l e  t o  t h e  a p p l i c a t i o n  o f  t h e  proposed p e r f o r -  

mance standard. Those impacts were determined by comparing "case-study" r e s i -
dences designed f i r s t  t o  c u r r e n t  des ign p r a c t i c e s  and then redes igned t o  meet 

t h e  proposed standard.  Var ious q u a n t i f i e d  and unquant i  f i e d  env i  ronmental con-

sequences a t t r i b u t e d  t o  i nc reas ing  energy conserva t ion  i n  r e s i d e n t i a l  b u i l d i n g s  

a r e  discussed i n  t h i s  repor t .  However, t h e  emphasis o f  t h i s  a n a l y s i s  i s  

d i  r ec ted  toward t h e  incrementa l  changes t h a t  cou ld  occur f rom t h e  base1 i n e  t o  

t h e  proposed standard,  i n s o f a r  as they  can be i d e n t i f i e d .  Thus, t h i s  assess-

ment i s  in tended  t o  address t h e  p o t e n t i a l  f o r  adverse environmental  impacts  

r e s u l t i n g  f rom implement ing t h e  proposed standard t o  t h e  design o f  f e d e r a l  

r e s i d e n t i  a1 b u i l  d ings,  and t o  determine whether an Envi ronmental Impact S ta te -  

ment should  be prepared. 

I f  promulgated by t h e  DOE, t he  proposed s tandard would serve as an i n t e r i m  

mandatory s tandard f o r  f ede ra l  sec to r  r e s i d e n t i a l  c o n s t r u c t i o n  of r e s i d e n t i  a1 

b u i l d i n g s  and as v o l u n t a r y  gu ide l i nes  f o r  t h e  p r i v a t e  sec to r ,  A separate  e n v i -  

ronrr~ental  assessment i s  be ing prepared which addresses a proposed s tandard f o r  

commercial b u i l d i n g s .  The scope o f  t h i s  assessment i s  l i m i t e d  t o  t h e  p o s s i b l e  

impacts o f  implement ing t h e  proposed s tandard on t h e  f ede ra l  sec to r .  The 

assessment does no t  examine e f f e c t s  t h a t  t h e  proposed standard may have as v o l -

un ta r y  gu ide l i nes  f o r  t h e  p r i v a t e  s e c t o r  because i t  would be v i r t u a l l y  



i m p o s s i b l e  t o  f o r e c a s t  what percentage o f  what t y p e s  o f  p r i v a t e  s e c t o r  

bu-i 1  d i n g s  would choose t o  comply w i t h  t h e  v o l u n t a r y  s tandard .  

1.3 APPROACH USED I N  THE ASSESSMENT 

The p o t e n t i a l  impacts  o f  a p p l y i n g  t h e  proposed s tandard  t o  f e d e r a l  con-

s t r u c t i o n  o f  new r e s i d e n t i a l  b u i l d i n g s  were exami ned t h r o u g h  n i n e  case -s tudy  

r e s i d e n t i a l  b u i l d i n g s  (one f o r  each f u n c t i o n a l  b u i l d i n g  ca tegory ,  e.g., m o b i l e  

home, s i  n g l e - f a m i  l y  detached, e t c .  ). Each o f  t h e  n i  ne case-s tudy r e s i d e n c e s  

was "mod i f i ed "  on paper by an a r c h i t e c t u r a l l e n g i n e e r  f i r m  t o  meet f i r s t  t h e  

e x i s t i n g  d e s i g n  ( b a s e l i n e )  p r a c t i c e s  and t h e n  t h e  proposed s tandard .  T h i s  

p rocess  a l l o w e d  r e a l  r e s i d e n t i a l  s t r u c t u r e s  t o  be used and d e t a i l e d  a c t u a l  and 

s i m u l a t e d  r e s i d e n t i a l  c h a r a c t e r i s t i c s .  

T h i s  approach i s  f e l t  t o  p r o v i d e  a  d e f e n s i b l e  a n a l y t i c a l  base. A  b u i l d i n g  

per formance s t a n d a r d  t h a t  e p i t o m i z e s  f l e x i  b i  1  ity  o f  des ign  and c o n s t r u c t i o n  

t h e r e f o r e  p r o v i d e s  many o p t i o n s  f o r  s a t i s f y i n g  t h e  s tandard .  To address t h e  

b road  a r r a y  of p o t e n t i a l  impacts,  each t e s t  b u i l d i n g  i n c l u d e d  d e s i g n  changes 

t h a t  would be r e q u i r e d  i n  f i v e  separa te  c l i m a t e  zones. The p o t e n t i a l  impacts  

i d e n t i f i e d  i n  t h i s  r e p o r t  a r e  based on minimum, t y p i c a l ,  and maximum va lues  of 

i n d o o r  p o l l u t a n t  c o n c e n t r a t i o n s  and t h u s  b racke t  a  f u l l  range o f  e f f e c t s .  A i r  

q u a l i t y l h u m a n  h e a l t h  impacts  a r e  based on t h e  bes t  h e a l t h  r i s k  i n f o r m a t i o n  

a v a i l a b l e .  

1.4 ORGANIZATION OF THE REPORT 

The remainder  o f  t h i s  assessment i s  o rgan ized  as f o l l o w s .  Chapter  2 

d e s c r i b e s  t h e  proposed s tandard  and t h e  m a j o r  a l t e r n a t i v e  c o n s i d e r e d  i n  t h e  

env i ronmen ta l  assessment. Chapter  3 d i scusses  i n  d e t a i l  t h e  genera l  approach 

used i n  t h e  assessment, f o l l o w e d  by s p e c i f i c  ana lyses of i n d o o r  a i r  q u a l i t y  

changes, human h e a l t h  impacts,  ou tdoor  e n v i  ronmental  impacts,  socioeconomic 

impac ts  (by r e f e r e n c e ) ,  and i n s t i t u t i o n a l  impacts.  Each o f  t h e s e  s p e c i f i c  

ana lyses  i n c l u d e s  background i n f o r m a t i o n ,  t h e  methodology used, and t h e  r e s u l t s  

of t h e  ana lyses.  

Appendix A  c o n t a i n s  d e t a i  1  ed d e s c r i p t i o n s  o f  t h e  n i n e  case-s tudy r e s i -
dences used f o r  t h e  case-s tudy ana lyses.  Appendix 0 d e s c r i b e s  t h e  i n d o o r  



a i  r-qua1 it y  m n i  t o r i  ng experiment t h a t  was used t o  con f i rm  t h e  reasonableness 

of t h e  computed i ndoo r  a i r - q u a l i t y  values, w h i l e  Appendix C p rov ides  a  d e t a i l e d  

d e s c r i p t i o n  o f  t h e  inpu ts ,  assumptions and l i m i t a t i o n s  o f  t h e  model used t o  

make t h e  computations. Appendix D documents t h e  i n f o r m a t i o n  used t o  eva lua te  

human h e a l t h  impacts . 





DESCRIPTIONS OF THE PROPOSED STANDARD AND ALTERNATIVES 

I n  developing t h e  proposed res iden t  ia1 bu i  l d i  ng energy standard, DOE con- 

s idered  severa l  d i f f e r e n t  l e v e l s  o f  s t r ingency  f o r  elements o f  t h e  standard. 

For  example, g rea te r  and l e s s e r  l e v e l s  o f  s t r i gency  were considered f o r  t h e  

bu i  1  d i  ng envel ope and equi pment subsystems. The proposed standard r e f l e c t s  t h e  

maximum f e a s i b l e  l e v e l s  o f  energy conservat ion based on a  t echno log i ca l  and 

p ro fess iona l  assessment a t  t h e  t i m e  o f  preparat ion.  Development o f  a  more 

s t r i ngency  standard t h e r e f o r e  was not considered economical ly f eas ib le ,  and t h e  

development o f  a  s i g n i f i c a n t l y  1  ess s t r i n g e n t  standard was not  considered 

because i t  was i ncons i s ten t  w i t h  t h e  s t a t u t o r y  mandate, which s t i p u l a t e s  t h a t  

DOE promulgate a  standard t h a t  r equ i res  t h e  maximum energy savings t o  t h e  

ex ten t  p r a c t i  cab1 e. 

The no-act ion a1 t e r n a t  ive, de f ined  as a  con t inua t  i o n  o f  cu r ren t  p r a c t i c e s  

represents a 1  ess s t r i n g e n t  a l t e r n a t i v e  than  t h e  proposed standard. However, 

because a d d i t i o n a l  v a r i a t i o n s  i n  s t  r ingenci es from those proposed were not  con-

s i  dered p r a c t i c a l  o r  reasonable, t h e  on ly  a l t e r n a t i v e  t o  t h e  proposed s tandard  

t h a t  i s  analyzed i n  t h i s  environmental i s  t h a t  o f  no ac t ion .  

2 -1 NO-ACTION ALTERNATIVE -(CURRENT PRACTICES I N  FEDERAL RESIDENTIAL BUILDINGSL 

The Federal Energy Management Program (FEMP) , admi n i  s te red  by DOE, 

requ i res  t h a t  a1 t e r n a t i v e  bu i  l d i n g  systems be c o s t - e f f e c t i v e  over  i t s  1  i f e  

cyc le .  The requ i  rement has been app l i ed  t o  b u i l d i n g  measures such as pass ive  

and a c t i v e  s o l a r  systems, bu t  no t  t o  refinements i n  t h e  l e v e l  o f  energy conser-

v a t i o n  i n  t y p i c a l  cons t ruc t ion ,  such as t h e  thermal res is tance  t o  conduct i  ve 

heat  f l o w  (R-value) o f  i n s u l a t i o n  i n  a  wa l l .  Cur ren t l y ,  no b u i l d i n g  per form- 

ance standard e x i s t s  f o r  energy conservat ion i n  federa l  r e s i d e n t i a l  b u i l d i n g s .  

The mi 1  i t a r y  purchases 95% o f  f ede ra l  r e s i d e n t i a l  bu i l d i ngs ,  so t h e  p rac -  

t i c e s  used i n  actual  cons t ruc t i on  o f  m i l i t a r y  housing have been used t o  d e f i n e  

t y p i c a l  cu r ren t  (base l ine)  p r a c t i c e  f o r  comparison t o  t h e  proposed standard. 

Current  p r a c t i c e  i n  m i l i t a r y  r e s i d e n t i a l  b u i l d i n g  design tends t o  f o l  low 

p r i v a t e  sec to r  p r a c t i c e s  f o r  moderately ene rgy -e f f i c i en t  b u i l d i n g s  i n  t h a t  



l o c a t i o n .  The procedure used t o  i d e n t i f y  t y p i c a l  p r a c t i c e  i n  m i l i t a r y  f am i l y -  

hous ing a c t i v i t i e s  i s  d iscussed i n  Appendix A, a long  w i t h  t y p i c a l  c u r r e n t  i n s u -

l a t i o n  designs i n  f o u r  r ep resen ta t i ve  c l i m a t e  zones o f  t h e  Un i ted  S ta tes .  

2.2 	 THE PROPOSED STANDARD 

Th i s  standard has been developed and proposed by DOE i n  response t o  l e g i s -

l a t i o n  r e q u i r i n g  t h e  Secre ta ry  of Energy t o  promulgate energy performance s t a n -

dards t h a t  are designed t o  achieve t h e  maximum p r a c t i c a b l e  improvements i n  

energy e f f i c i e n c y  i n  new b u i l d i n g s  and t o  encourage use of nondep le tab le  energy 

sources. I n  response t o  t h i s  l e g i s l a t i v e  mandate, t h i s  standard se ts  f o r t h  

r equ i  rements f o r  t h e  des ign o f  new fede ra l  r e s i d e n t i a l  b u i l d i n g s  t h a t  would 

have t h e  most c o s t - e f f e c t i v e  combinat ion o f  energy conservat ion o p t i o n s  i n t e -

g ra ted  i n t o  t h e i r  envelope and equipment components. Th is  s tandard shou ld  l e a d  

t o  f ede ra l  r e s i d e n t i a l  b u i l d i n g  designs t h a t  produce t h e  maximum p r a c t i c a b l e  

energy sav ings g iven t h e  c r i t e r i o n  o f  economic cos t -e f f ec t i veness .  

The s tandard r e l i e s  on a minimum l i f e - c y c l e  cos t  ana l ys i s  u s i n g  energy, 

cos t ,  c l ima te ,  and o t h e r  data.  The ope ra t i on  o f  t h e  s tandard has been mechan- 

i z e d  through t h e  development o f  a  computer program; opera t ion  o f  t h e  program i s  

documented i n  Conservat ion Op t im i za t i  on Standard f o r  Savings i n  Federal  Resi -
dences (C0STSAFR)--User I s  Manual .( a )  Several documents p rov ide  informat ion 

about t h e  t e c h n i c a l  i n f o r m a t i o n  t h a t  was used i n  deve lop ing  t h e  standard.  Pre-

v ious  DOE research produced A f f o rdab le  Housing Through Energy Conservat ion,  

Techn ica l  Support Document (Lawrence Berkeley Laboratory  Undated) and A f f o r d -  

a b l e  Manufactured Housing Through Energy Conservation, Technical  Support  Docu- 

ment (Steven Winter  Associates,  Inc .  1983). The new t e c h n i c a l  in f o r m a t i  on 

generated f o r  t h i s  standard and t h e  unde r l y i ng  methodology a re  descr ibed  i n  

Proposed I n t e r i m  Energy Conservat ion Standard f o r  Fede ra l l y  Procured Residen- 

t i a l  Bui 1  dings, Technical  Support ~ocurnent.( b )  The economic a n a l y s i s  conducted 

( a )  	 D r a f t  r epo r t  prepared by P a c i f i c  Northwest Laboratory,  Rich1 and, 
Washington. 

( b )  	 D ra f t  r e p o r t  prepared by Steven Winter  Associates,  Inc., and Wr ight  
Assoc ia tes f o r  P a c i f i c  Northwest Laboratory,  R i  chland, Washington. 





























































TABLE 3.11. Computed Indoor  Radon concen t ra t i ons (  ' s b )  ( p c i  / k )  

Resldent la l  n i t  
AbLTevlatlonYc) 

Basel ine 
tue n. y p c a  

Heat kook ue 'Valuei --- 
ax. 

Clal ue 

Proposed Standard 
ue n. l yp l ca l  

e a t  'cook ;blue Value 
Max. 
valve Mln. 

lncrement 
Typical Max. 

SFR- 1S 

SFR-2s 

TH-MU 

T t t  EU 

APT-MU-U 

APT-MU-D 

APT- EU- U 

APT- EU-D 

W M S ( ~ )  

SFR- IS E - H P ( ~ )  Elec. 

SFR-2s E-HP El ec. 

T*MU E- H' Elec. 

M-EU E- HP Elec. 

APT-MU-U E- H' Elec. 

APT-MU-D E- HP Elec. 

APT- EU-U E- H' Elec. 

APT- EU-D E- Hf' Elec. 

MI+MS(~) E-HP Elec. 

(a) 	 Background = 0.25 pCI/k. 
(b) 	Concentration values are pr ln ted wi th  extended prec ls lon t o  ll lus t ra te  the d l r e c t i m  of  chanqes. The 1 l s t l n a-

of extended prec ls lon should no t  be taken t o  imply absolute accuracy fa r  these t yp l ca l  value;. 
(c )  	 SFR-IS = s lng le- fami ly  resldence, 1 s t a y ;  SFR-2s = s ingle- fami ly resldence, 2 story;  TH-MU = townhouse, 

mlddle u n l t ;  TH-EU = townhouse, end un i t ;  APT-MU-U = apartment, mlddle un i t ,  ups ta i rs ;  APT-MU-D = apartment, 
mlddle unl t, downstairs; APT-EU-U = apartment, end un i t ,  upstairs;  APT-EU-D = apartment, end unl t, downstalrs; 
MH-MS = manufactured hune, mu1 t i sec t i on .  

( d l  	 NG = natural  gas. 
(8)  	 With vent1 1 ated crawl space. 
( f )  	 E-HP = e l e c t r l c  heat pump. 



i t  i s  assumed t h a t  i n f i l t r a t i o n  f rom t h e  c raw l  space would be i n c r e a s e d  

s l i g h t l y ,  i n c r e a s i n g  t h e  l e v e l  o f  i n d o o r  radon. 

Computed radon c o n c e n t r a t i o n s  vary  f rom s l  ig h t l y  ove r  background l e v e l  s  t o  

2.6 p C i l a .  

F i n d i n g s .  I n  some cases t h e  proposed s t a n d a r d  c o u l d  a f f e c t  i n d o o r  radon  

c o n c e n t r a t i o n s  by e i t h e r  dec reas ing  o r  i n c r e a s i n g  t h e  i n d o o r  c o n c e n t r a t i o n  v e r y  

s l i g h t l y .  Decreases i n  i n d o o r  c o n c e n t r a t i o n s  o f  radon would occu r  as a r e s u l t  

of i n c r e a s i n g  t h e  r e s i d e n t i a l  u n i t s '  i n d o o r / o u t d o o r  a i r  exchange r a t e .  A  s m a l l  

i n c r e a s e  would  occu r  i n  mob i l e  homes where t h e  amount o f  f l o o r  i n s u l a t i o n  i s  

reduced. (See Appendix C, Table C.4 f o r  a  1  i s t i n g  o f  how m o b i l e  home f l o o r  

i n s u l a t i o n  v a r i e s '  by l o c a t i o n . )  

It i s  n o t  t h e  i n t e n t  o f  t h i s  radon e v a l u a t i o n  t o  d i s m i s s  t h e  p o t e n t i a l  

haza rd  o f  t h e  presence o f  radon i n  t h e  i n d o o r  env i ronment .  However, compar ison 

between t h e  base1 ine res idence  c o n s t r u c t e d  a c c o r d i  ng t o  c u r r e n t  p r a c t i c e s  and 

t h e  same r e s i d e n c e  c o n s t r u c t e d  a c c o r d i n g  t o  t h e  proposed s t a n d a r d  c l e a r l y  i n d i -  

ca tes  t h a t  o n l y  a  v e r y  s l i g h t  s h i f t ,  i f  any, would o c c u r  as a r e s u l t  o f  t h e  

proposed s tandard .  Thus, t h e  change i n  h e a l t h  r i s k  f rom i n d o o r  radon concen- 

t r a t i o n s  would be n e g l i g i b l e .  Note t h a t  radon r e l e a s e  f rom s o i l ,  wa te r  and 

b u i l d i n g  m a t e r i a l s  v a r i e s  g r e a t l y  f rom s i t e  t o  s i t e  and s h o u l d  remain  a  m a j o r  

h e a l t h  r i s k  concern u n t i l  determined f o r  t h a t  s i t e  n o t  t o  be p r e s e n t  a t  e l e -

va ted  l e v e l s .  

Formaldehyde 

Formaldehyde i s  a  substance used i n  t h e  manufac ture  o f  many b u i l d i n g  mate- 

r i a l s .  P a r t i c l e  board,  plywood, w a l l  board,  and s i m i l a r  c o n s t r u c t i o n  m a t e r i a l s  

a r e  a l l  m a j o r  i n d o o r  sources o f  gaseous formaldehyde.  Formaldehyde can a l s o  be 

e m i t t e d  d u r i n g  combust i  on processes.  Typi  c a l  em iss ion  r a t e s  f o r  gas c o o k i n g  

a p p l i a n c e s  range from 15 mglburner -hour  f o r  range- top  bu rne rs  t o  25 rngloven-

hour  f o r  ovens. Formaldehyde i s  a l s o  a  component o f  s i d e s t r e a m  c i g a r e t t e  smoke 

( i  .e., smoke r e l e a s e d  f rom t h e  b u r n i n g  t i p  o f  a  c i g a r e t t e ) .  T y p i c a l l y ,  about  

1 mg o f  fo rmaldehyde i s  r e l e a s e d  f o r  each c i g a r e t t e  smoked (NRC 1981a). 

Release r a t e s  f o r  formaldehyde vary  because many f a c t o r s  a r e  i n v o l v e d .  

Andersen (1979) found t h a t  i n d o o r  formal dehyde c o n c e n t r a t i o n s  i n  Danish homes 



are  a f unc t i on  o f  a i r  temperature, humid i ty ,  a i r  change ra te ,  r a t i o  of p a r t i c l e  

board sur face area t o  room volume, and sur face  c o a t i n g  and type  of p a r t i c l e  

board used. Age has a l s o  been i d e n t i f i e d  as a f a c t o r  i n  formaldehyde re lease ;  

about h a l f  o f  t h e  formaldehyde i n  p a r t i c l e  board, f o r  ins tance,  i s  re leased  

over  a p e r i o d  of  58 months (NRC 198:lb). V e n t i l a t i o n  ra tes,  humid i ty ,  and t h e  

amount of res inous m a t e r i a l  i n  a res idence seem t o  be t h e  most impor tan t  fac -  

t o r s  t h a t  c o n t r i b u t e  t o  formaldehyde accumulation. For manufactured homes, t he  

Department of Housing and Urban Development has es tab l i shed  standards 1 i m i t i  ng  

p e r m i s s i b l e  amounts o f  formaldehyde emissions f rom plywood and p a r t i c l e b o a r d  i n  

suppor t  o f  1i m i t i ng i ndoo r  formaldehyde c o n c e n t r a t i  ons t o  0.4 ppm ("Manufac- 

t u r e d  Home Cons t ruc t ion  and Safety standards" 1984). 

Hea l th  Impacts. I n  low concent ra t ions ,  formaldehyde i r r i t a t e s  t h e  eyes 

and mucous membranes o f  t h e  nose and t h r o a t  (IVRC 1981b). The s e v e r i t y  of t h e  

symptoms inc reases  w i t h  concen t ra t ion .  Some human beings a re  much more sens i  -
t i ve t o  formaldehyde than  others .  For example, formaldehyde odor i s  most com-

rnonly de tec ted  a t  1,200 ug/m 3 , but  some i n d i v i d u a l s  can de tec t  formaldehyde 

odor a t  concen t ra t ions  o f  60 t o  70 u9/m3. Eye i r r i t a t i o n  has been repor ted  a t  

formaldehyde concent ra t ions  as low as 10 pg/m 3 (see Appendix D f o r  more 

d e t a i l s ) .  

The Consumer Product Safety Commi s s i  on (CPSC) has rece i  ved numerous corn-

p l a i n t s  about formaldehyde concent ra t ions  i n  r e s i d e n t i a l  b u i l d i n g s .  The CPSC 

r e p o r t s  t h a t  r e s i d e n t i a l  concen t ra t ions  o f  10 t o  120 pg/m3 have been i d e n t i f i e d  

as caus iqg nausea, eye, nose and t h r o a t  i r r i t a t i o n s ,  headache, vomi t ing,  and 

stomach cramps (Grei  semer e t  a1. 1980). Research i n fo rma t i on  compi 1 ed by 

Gupta, Ulsamer and Preuss (1982) v e r i f i e s  t h a t  t h e  human t h r e s h o l d  f o r  s h o r t -

t e r m  exposure t o  low concent r a t i o n s  o f  formaldehyde va r i es  wide ly .  

The Nat iona l  Academy o f  Science (NAS) concluded t h a t  t h e r e  i s  no popula-

t i o n  t h r e s h o l d  f o r  the  i r r i t a n t  e f f e c t s  o f  formaldehyde (NAS 1980). Persons 

s e n s i t i z e d  t o  formal dehyde and persons w i t h  hyperact  ive a i  rways may respond 

seve re l y  t o  formaldehyde (NAS 1981). The Academy has a l s o  est imated t h a t  10% 

t o  12% o f  t h e  U.S. popu la t i on  may have hype rac t i ve  airways, which may make them 

more suscep t i  b l e  t o  t h e  irrit a n t  e f f e c t s  o f  formaldehyde (NAS 1981). 



Expected Impact o f  t h e  Proposed Standard, The computed i ndoo r  concen-

t r a t i o n s  o f  formaldehyde from b u i l d i n g  ma te r i a l s ,  gas cook ing app l iances  and 

smoking f o r  t h e  base l i ne  and t h e  proposed standard, and t h e  incrementa l  d i f f e r -

ence between t he  two a r e  shown i n  Table 3.12. B u i l d i n g  m a t e r i a l s  a re  assumed 

t o  be new. Emission r a t e s  would drop as t h e  m a t e r i a l  ages. The reduc t i on  i n  

i n s u l a t i o n  i n  both t he  gas furnace and e l e c t r i c  heat pump designs would reduce 

formaldehyde l eve l s .  Formaldehyde concent ra t ions  a l s o  would decrease i n  cases 

where t he  designs under t h e  proposed s tandard would inc rease  t h e  r e s i d e n t i a l  

u n i t ' s  indoor /outdoor  ACH, and where e l e c t r i c  cook ing appl iances would be used 

i n s t e a d  of gas appl iances. I n  general ,  t h e  incrementa l  impact of t h e  proposed 

s tandard would be t o  reduce formaldehyde concent ra t ions  s l i g h t l y .  

F ind ings.  The l e v e l  o f  formaldehyde concent ra t ions  i s  expected t o  be 

reduced s l  i g h t l y  as the  r e s u l t  o f  r e s i d e n t i a l  designs meet ing t h e  proposed 

standard. A1 though t h e  reduc t i on  i n  formaldehyde concent ra t ions  would be 

smal l ,  i t cou ld  b e n e f i t  c e r t a i n  s e n s i t i v e  i n d i v i d u a l s  hav ing a very  low t h r e s -  

h o l d  t o  formaldehyde. 

Summary o f  Computed Incremental  Changes i n  I A Q  

Pol 1  u t a n t s  are re leased con t inuous ly  o r  i n t e r m i t t e n t l y  w i t h i n  r es i den t  ia1 

bu i l d i ngs .  An i ndoo r  a i r - q u a l i t y  computat ion model t h a t  uses s p e c i f i c  p o l l u -  

t i o n  emission values ( re lease  r a t e s )  f o r  se lec ted  m a t e r i a l s  was used t o  ca l cu -

l a t e  p o l l u t a n t  concen t ra t ion  l e v e l s  i n  t h e  n i ne  case-study residences, based on 

base1ine cond i t i ons  and on t he  proposed standard. Incremental  po l  1  u t a n t  con-

c e n t r a t i o n s  were c a l c u l a t e d  f o r  p a r t i c u l a t e  mat ter ,  CO, C02, NO2, radon and 

formaldehyde and a re  shown i n  Table 3.13. Chemical compounds and rnicroorgani  sm 

a re  qua1 i t a t i  ve ly  discussed i n  t h e  f o l  1  owing sect ions.  

Chemical Compounds.. 

Measurement s tud ies  have shown t h a t  a  wide v a r i e t y  o f  chemical contami- 

nants,  many o f  which are organic  compounds, a re  present  i n  r e s i d e n t i a l  i n d o o r  

a i  r, Over 300 chemical compounds have been p o s i t i v e l y  i d e n t i f i e d  i n  res iden-  

t i a l  a i r .  Several s t ud ies  have addressed t h e  d i f f i c u l t  problem o f  q u a n t i f y i n g  

t h e  exact concen t ra t ions  l e v e l s  present i n  indoor  a i r .  This assessment has 



TABLE 3.12. 	 concent r a t i o n ~ ( ~ 9 ~ )Computed I n d o o r  F o r m a l  dehyde 	 (pg/rn3) 

SFR- 1 S 

SFR-2s 

TH-MU 

TH- EU 

APT-MU-U 

APT-MU-D 

APT-EU-U 

APT-EU-D 

w-MS 

SFR- 1S E-HP(~ )  Elec. 


SFR-2s E-HP Elec. 


TH-MU E- CP Elec. 


TH-EU E-HP Elec. 


APT-MU-U E- I-P Elec. 


APT-MU-D E- HP Elec. 


APT-EU-U E-HP Elec. 


APT-EU-D E- HP Elec. 


MH-MS E- HP Elec. 


(a)  	 Background = 0. 
(b)  	 Concentration values are  pr ln ted wi th  extended prec ls lon t o  I l l u s t r a t e  the d l r e c t l o n  o f  changes. The l l s t l n g  o f  

extended prec ls lon should no t  be taken t o  lmply absolute accuracy f o r  these t y p i c a l  values. 
(c)  	 SFR-IS = s ingle- faml ly residence, 1 story; SFR-2s = s ing le- fami ly  resldence, 2 story;  W M U  = townhouse, mlddle 

un l t ;  TH-EU = townhouse, end un l t ;  APT-MU-U = apartment, middle un l t ,  upstairs;  APT-MU-D = apartment, mlddle u n l t ,  
downstalrs; APT-EU-U = apartment, end u n l t ,  upstalrs;  APT-EU-D = apartment, end u n l t ,  downstalrs; Mi-MS = 
manufactured home, mult lsect lon.  

(d)  NG = natural  gas. 

( e l  E-I-P = e l e c t r i c  heat pump. 
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focused on those  compounds t h a t  have indoor  a i r  concen t ra t ions  g rea te r  than 

outdoor  l e v e l s .  Chemical compounds i d e n t i f i e d  i n  f i v e  s t l ~ d i e sof r e s i d e n t i a l  

a i r  a re  presented i n  Appendix C. One s tudy i n d i c a t e d  t h a t  chemical compounds 

found i n  i n d o o r  r e s i d e n t i a l  a i r  gene ra l l y  occur  i n  low concen t ra t i ons  r e l a t i v e  

t o  i n d u s t r i  a1 hygiene exposure l e v e l s ,  a1though as mentioned above, they  occur  

i n  h i g h  concen t ra t i ons  r e l a t i v e  t o  outdoor concen t ra t ions  ( M i  ksch, Ho l l  owe1 1 

and Schmidt 1982) . 
The presence o f  chemical compounds i n  r e s i d e n t i a l  a i r  r e s u l t s  from one o r  

a combi na t  ion of t h e  f o l  1owing sources. 

i n f i l t r a t i o n  o f  outdoor chemicals 

ep i sod i c  events ( i  .e., cooking, c l ean ing )  

n a t u r a l  consequences o f  indoor  l i v i n g  ( r e s p i r a t i o n ,  pe rsp i  r a t i o n )  

outgass i  ng from household appl iances and bu i  1d i n g  mater i  a1s. 

Each of these sources i s  discussed i n  Appendix C. 

Hea l th  Impacts. 'The chemical compounds found i n  i ndoo r  r e s i  d e n t i  a1 a i  r 

a r e  t r e a t e d  i n  t h i s  document as one complex c l ass  o f  indoor  p o l l u t a n t s .  These 

compounds t end  t o  come from many sources. Moreover, because o f  t h e  l a r g e  num-

ber  of chemical compounds p o t e n t i  a1 l y  present i n  r e s i d e n t i a l  b u i  l d i  ngs, compre-

hensive d i scuss ion  o f  each compound i s  i m p r a c t i c a l .  The h e a l t h  e f f e c t s  of 

chemical po l  l u t a n t s  are r e l a t i  ve l y  uncer ta in .  Mol have (1982) summarizes t he  

number of expected carcinogens, a i  rway ir r i t a n t s ,  and odorous o rgan i c  compounds 

t h a t  he was ab le  t o  de tec t  f rom 42 commonly used b u i l d i n g  m a t e r i a l s  i n  chamber 

emiss ion s tud ies .  A t o t a l  o f  52 d i f f e r e n t  compounds were i d e n t i f i e d :  25% were 

suspected carcinogens, 82% were known o r  suspected a i  rway irrit a n t s ,  and 30% 

were odorous compounds (see Appendix C) .  

Expected Impact o f  t h e  Proposed Standard. Design o f  r e s i d e n t i a l  b u i l d i n g s  

t o  meet t h e  proposed s tandard should not  i n f l u e n c e  two impor tan t  sources o f  

chemi c a l  po l  l u t a n t s  i n  i ndoo r  a i  r: occupant s t imu la ted  ep isodal  events (such 

as cooking, c l e a n i n g  e tc .  ), and n a t ~ ~ r a lconsequences o f  i ndoo r  1 i v i  ng ( r esp i  r a -

t i o n ,  persp i  r a t i o n ) .  These sollrces are i n f l uenced  more by t h e  number o f  .occu-

pants  and t h e i r  l i v i n g  h a b i t s  than by t h e  i n f i l t r a t i o n  r a t e  o f  t h e  s t r u c t u r e .  



I f  res iden t s  f o l  low the  d i  r e c t i o n s  on consumer products  and p rov ide  adequate 

v e n t i l a t i o n  w h i l e  they a re  us ing  t h e  p roduc ts  indoors,  t h e  po l  l u t a n t  concent r a -  

t i o n  l e v e l s  should be low. 

B u i l d i n g  ma te r i a l s  are thought t o  be a major source o f  indoor  a i r  p o l l u -  

t ion (Mol have 1982). Residences designed t o  meet base1ine condi t i ons and r e s i  -
dences designed t o  meet t he  proposed s tandard 'use  t h e  same i n v e n t o r y  o f  

b u i l d i n g  ma te r i a l s ,  except f o r  t h e  amount of i n s u l a t i o n  ma te r i a l s .  Table 3.14 

shows t h e  emi s s i  ons from new bui  1 d i ng  i n s u l a t i o n  mater i  a1 s. Where t h e  proposed 

s tandard a1 lows f o r  reduced i n s u l a t i o n ,  emissions o f  formaldehyde from f i b e r -  

g l  ass would be reduced. Where i n s u l a t i o n  mater i  a1 s such as po l ys t y rene  are 

used, o rgan ic  emission sources would increase.  S t ra teg ies  t h a t  can m i t i  gate 

t h e  l e v e l  o f  chemical compounds emanating from b u i l d i n g  m a t e r i a l s  i nc l ude  "d ry -

i n g  ou t "  t he  b u i l d i n g  f o r  a s p e c i f i c  p e r i o d  o f  t i m e  t o  reduce emission l e v e l s  

before occupancy, o r  s e l e c t i n g  l e s s  emiss ive o r  harmful  ma te r i a l s .  

F ind ings.  A l a r g e  nurnber o f  chemical p o l l u t a n t s  have been i d e n t i f i e d  i n  

i ndoo r  r e s i d e n t i a l  a i  r. Many o f  these chemi c a l  compounds are e i t h e r  odorous, 

i r r i t a n t s ,  o r  suspected carcinogens. Although many o f  t he  chemical compounds 

found i n  indoor  a i r  come from b u i l d i n g  m a t e r i a l s  hav ing emanation r a t e s  t h a t  

TABLE 3.14. Organic Emissions f rom New B u i l d i n g  I n s u l a t i o n  M a t e r i a l s  

Formaldehyde (b 
E m i s s i  on Emi s s i  on 

Mater i  a1 Desc r i p t i on  (mg/m2-hr) (mg/m2-hr) 

F i  berg1 ass Fiberboard, 0.5" 0.017 --
F i  berg1 ass Ba t t ,  3.0" -- 0.02 t o  0.17 

M i n e r a l  Wool I n s u l a t i o n  Ba t t  0.012 --
Organic Woodfiber Board 0.120 --
Foam Polystyrene 1.4 --
Foam Polyurethane 0.12 --

( a )  	 Taken from Molhave (1982). 
( b )  	 Comparable form o f  emission computed from 0.34 t o  2.3 pg/g-day 

emission r a t e  given by Gupta, Ulsamer and Preuss (1982). 



d e c l i n e  w i t h  age, many o the rs  are r e l a t e d  t o  occupants and t h e i r  a c t i v i t i e s .  

From t h e  i n f o r m a t i o n  used i n  t h i s  study, i t  i s  ev i den t  t h a t  chemical compounds 

can pose hea l t h  r i s k s  t o  r e s i d e n t i a l  occupants i n  e i t h e r  shor t - te rm ep isoda l  o r  

1  ong-term concent ra t ions .  As w i t h  o t h e r  i n d o o r  a i  r po l  1  u t a n t s  d iscussed above, 

i n d i v i d u a l s  w i l l  have a wide range o f  s e n s i t i v i t i e s  t o  these  i ndoo r  chemical 

p o l l u t a n t s .  The proposed standard i s  not ,  however, expected t o  measurably 

i nc rease  o r  decrease h e a l t h  r i s k s  due t o  chemical p o l l u t a n t s  i n  r e s i d e n t i a l  

indoor a i  r. 

Microoraani  sms 

Microorgani  sms are indoor  a i  r po l  1  u t a n t s  w i t h  p o t e n t i a l  h e a l t h  r i s k s  under 

se lec ted  cond i t i ons .  Thus, a i  rborne rnicroorgani  sms a re  recognized as f a c t o r s  

t o  be considered i n  i ndoo r  environments. A broad a r ray  o f  algae, bac te r i a ,  

fungi ,  protozoa, m i tes  and v i ruses  a re  p resen t .  They a re  capable of p rovok ing  

t o x i  c i t y ,  i n f e c t i o n ,  and a1 l e r g e n i  c  responses. Some Jeve l  o f  microorganisms on 

t h e  human body and i n  t h e  i ndoo r  environment i s  normal. Human response t o  

m i  c roorgani  sms depends on t h e  ab i  1  it y  o f  t h e  m i croorgani  sm t o  produce disease 

and on t h e  "immunity" o f  t h e  i n d i v i d u a l .  Immunity c o n d i t i o n s  vary  f r om i n d i -  

v i  dual  t o  i n d i v i d u a l .  Thus, t h e  a1 l e r g e n i  c  response, t o x i c  r eac t i on ,  i n f e c -

t i on, and dermal o r  mucous membrane i r r i t a t i o n s  f rom exposure t o  m i  croorganisms 

depend on t h e  t ype  o f  microorganism, i t s  concen t ra t i on  and t h e  suscep t i  h i 1it y  

of t he  exposed in d i  v i  dual .  

Most severe on r e s u l t  frompol  1  t~ t i  problems f rom indoor  rnicroorgani  sms 

growth of t he  organism on some water r e s e r v o i r  o r  mo is t  su r face  w i t h i n  t h e  

residence. A pr imary c o n d i t i o n  i n  which microorganisms grow i s  a source of 

mois ture.  Thus, any area t h a t  has been f looded, t h a t  has rece ived  mo i s tu re  

d u r i n g  a r a i n  storm, o r  t h a t  i s  where mo is tu re  condenses i s  a  cand ida te  hos t  

area f o r  J microorganism colony. When t h e  hos t  s i t e  i s  a t tached  t o  o r  ad jacent  

t o  a r e s i d e n t i a l  c e n t r a l  a i  r-hand1 i n g  system, t h e  microorganisms have a poten-

t i a l  pa th  f o r  d i s t r i b u t i o n  beyond t h e i r  immediate area. Because ou tdoor  a i  r 

en te rs  a residence through t h e  b u i l d i n g ' s  envelope ( c e i l i n g ,  f l o o r  and e x t e r i o r  

w a l l s ) ,  microorganisms around t h e  foundat ion  of a  res idence and i n  t h e  i n t r a -  

w a l l  space can a l s o  be sources o f  indoor  p o l l u t i o n .  



Mois tu re  i s  generated i n  residences by people, by occupant a c t i v i t i e s  such 

as showering and cooking, and by p l an t s .  As much as f i v e  ga l l ons  of m o i s t u r e  

can be generated by a  f a m i l y  o f  f o u r  i n  a  day. Res iden t i a l  s t r u c t u r e s  need t o  

d i s s i p a t e  t h i s  mo i s tu re  i n  a  way t h a t  does no t  c r e a t e  host  areas f o r  m i c r o o r -  

gani  sms. The p r i  n c i p a l  des ign change a f f e c t i n g  mo is tu re  shedding between t h e  

base l i ne  r e s i d e n t i a l  u n i t s  and those designed under t h e  proposed s tandard  i s  

t h e  use of a i r - t o - a i r  heat exchangers. A i r - t o - a i r  heat exchangers a re  used i n  

some u n i t s  t o  ma in ta i n  an indoor /ou tdoor  a i r  exchange r a t e  o f  0.7 ACH. (See 

Appendix C, Table C.4 f o r  t h e  case-study u n i t s  u s i n g  a i r - t o - a i r  heat exchangers. ) 

Mo is tu re  condensat ion i s  expected as warm mo i s tu re  laden  a i r  i s  exhausted 

th rough  a i r - t o - a i r  heat exchangers. I f  t he  condensed mo is tu re  i s  not  e f fec -

t i v e l y  c o l l e c t e d  and disposed o f  over  t h e  e n t i r e  l i f e  o f  t he  o p e r a t i n g  u n i t ,  

r e s e r v o i r s  of water  o r  damp areas w i  11 be created, p r o v i d i n g  p o t e n t i  a1 host  

areas f o r  microorganisms. I f  even very  smal l  a i r  leakages occur  between 

incoming and exhaust a i r ,  microorganisms grown i n  o r  near t h e  a i r - t o - a i r  heat  

exchange v e n t i  l a t i o n  system may be d i s t r i b u t e d  indoors .  A i  r - t o - a i  r heat  

exchangers when p r o p e r l y  i n s t a l  l e d  and mai n t a i  ned should not c r e a t e  env i  ron -  

ments which suppor t  microorganism growth. However, t h e  use o f  a i r - t o - a i  r hea t  

exchangers i n  l a r g e  numbers o f  r e s i d e n t i a l  u n i t s  i s  a r e l a t i v e l y  new phenomenon 

i n  t h e  U.S. Cu r ren t l y ,  equipment research and use i n f o r m a t i o n  a re  n o t  ava i  1  -
ab le  t o  assure t h a t  a i r - t o - a i r  heat exchange v e n t i l a t i o n  systems over  t h e  l o n g  

t e r m  w i l l  always be operated and mainta ined as in tended.  

3.3.3 	 Other Hea l th  and Safety  Concerns 

A1 1 des ign m o d i f i c a t i o n s  t o  b u i l d i n g s  m ~ s t  conform t o  b u i l d i n g  s a f e t y  

codes. The same holds t r u e  f o r  hea t i ng  and c o o l i n g  equipment and cook ing  

appl iances.  These codes r e f l e c t  t h e  in formed judgment o f  t r a i n e d ,  exper ienced 

p ro fess i ona l s  and a re  s p e c i f i c a l l y  designed t o  p r o t e c t  p u b l i c  h e a l t h  and 

safety .  Laboratory  t e s t i n g  i s  u s u a l l y  t h e  bas is  f o r  i n f o rma t i on  on t h e  

expected frequency o f  adverse impacts f o r  p a r t i c u l a r  energy conserva t ion  mea-

sures.  However, t h e  probabi  l i t y  t h a t  hazards mani fested i n  t h e  l a b o r a t o r y  w i l l  

a c t u a l  l y  occur  i n  most b ~ ~ i  f a c t o r s1 d ings i s  u n c e r t a i n  because combinat ions of 

no t  accounted f o r  i n  t h e  l a b o r a t o r y  t e s t s  may be invo lved.  I n  such cases, a 

conse rva t i ve  approach i s  u s u a l l y  adopted by t h e  o rgan i za t i ons  r espons ib l e  f o r  



t hese  codes. That i s ,  t h e  l e v e l  o f  s tandard gene ra l l y  adopted e l  i m i n a t e s  ( o r  

reduces t o  an acceptab le  degree) a l l  o f  t h e  l i k e l i e s t  hazards ( o r  suspected 

hazards) .  

3.4 OUTDOOR ENV 1RONMENTAL IMPACTS 

The reduc t i on  i n  t h e  amount o f  energy ( n a t u r a l  gas and e l e c t r i c i t y )  con-

sumed by t h e  18,500 r e s i d e n t i a l  u n i t s  t o  be b u i l t  under t h e  proposed s tandard  

between 1986 and 1990 would reduce on ly  n e g l i g i b l y  t h e  amount o f  ou tdoor  po l  1  u -  

t a n t  emissions. The reduc t i on  i n  t h e  amount o f  i n s u l a t i o n  m a t e r i a l s  used i n  

t h e  18,500 r e s i d e n t i a l  u n i t s  a l s o  would reduce s l i g h t l y  t h e  amount o f  i n s u l a -

t i on mate r i  a1 manufactured and thus  manufac tu r i  ng-re1 a ted  emissions. Net 

improvement a t  t h e  n a t i o n a l  l e v e l  o f  outdoor  env i ronmenta l  qua l  it y  f rom reduced 

fue l  usage and reduced i n s u l a t i o n  p roduc t i on  would n o t  be d i s c e r n i b l e .  

A1 though changes i n  outdoor  environmental  qual  i t y  were no t  measured, t hey  would 

l i k e l y  be p o s i t i v e .  

3.5 ECONOMIC IMPACTS 

The economic a n a l y s i s  conducted t o  determine t h e  impact of r equ i  r i n g  

f e d e r a l  agencies t o  des ign t h e i r  new r e s i d e n t i a l  b u i l d i n g s  acco rd i ng  t o  t h e  

proposed s tandard concluded t h a t  no major  impacts a re  expected t o  occur.  (a  

The a n a l y s i s  addresses o n l y  economic impacts t h a t  cou ld  r e s u l t  f rom f e d e r a l  

agency compliance. The impacts t h a t  cou ld  occur  as a  r e s u l t  o f  v o l u n t a r y  com-

p l i a n c e  by t h e  p r i v a t e  s e c t o r  were n o t  ca l cu l a ted .  

The economic a n a l y s i s  compared t h e  proposed s tandard w i t h  a  no -ac t i on  

a l t e r n a t i v e  o r  base l i ne  (based on c u r r e n t  p r a c t i c e  as determined by a  survey o f  

r ecen t  m i  1  i t a r y  c o n s t r u c t i o n  p r o j e c t s ) .  The bu i  l d i n g  ca tego r i es  used i n  t h e  

economic a n a l y s i s  were those f o r  which redes ign and computer s i m u l a t i o n  o f  

energy use and l i f e - c y c l e  cos t  ana l ys i s  had been conducted. The b u i l d i n g s  were 

f i r s t  analyzed as if cons t ruc ted  under c u r r e n t  p r a c t i c e  a t  f ou r  geograph ica l  

( a )  ROOD. J. M.. and R. G. P r a t t .  To be ~ u b l i s h e d  i n  1986. Economic Analv-  , -
s i s  - ~ r o ~ o ; e d  I n t e r i m  Energy conserva t ion  Standard f o r  Design o f  New * 

Federal  R e s i d e n t i a l  Bui  1  dings. P a c i f i c  Northwest Laboratory ,  R ich land,  
Washington. 



l o c a t i o n s ,  t hen  analyzed a  second t ime a f t e r  be ing recon f igu red  t o  con~ply  w i t h  

t h e  proposed standard.  The 1  i f e - c y c l e  cos t s  were aggregated t o  t h e  n a t i o n a l  

l e v e l  u s i n g  f e d e r a l - s e c t o r  c o n s t r u c t i o n  fo recas ts .  The aggregate ne t  b e n e f i t s  

(i.e., t h e  r e d u c t i o n  i n  t o t a l  l i f e - c y c l e  cos ts  a t  t h e  n a t i o n a l  l e v e l )  were t h e n  

analyzed t o  determine t h e  d i r e c t  impact o f  adop t ing  t h e  proposed standard.  

The p r ima ry  n a t i o n a l  e f f e c t s  o f  adop t i ng  t h e  proposed s tandard by f e d e r a l  

agencies,  cumulated over f i v e  years,  would be t o  reduce f ede ra l  government 

expend i tu res  ove r  t h e  1  if e  cyc l e  o f  these r e s i d e n t i a l  b u i  1  d ings by about 

$27 m i l l  i o n  (1985 d o l l a r s ) .  Th is  $27 m i l l i o n  sav ings i s  comprised o f  f u e l  sav-

i n g s  of approx imate ly  $53 m i l l i o n ,  o f f s e t  by inc reased  c a p i t a l  cos t s  of about 

$26 m i l l i o n .  S e n s i t i v i t y  ana l ys i s  suggests t h a t  f u e l  sav ings cou ld  be as h i g h  

as $121 m i l l i o n ,  w h i l e  increased nonfue l  cos t s  cou ld  be as l a r g e  as $87 m i l  -
l i o n .  The ne t  expendi ture savings cou ld  range f rom $10 t o  $67 m i l  1  ion .  These 

r e s u l t s  a re  based on assumptions about energy p r i c e s  t h a t  a r e  s p e c i f i e d  f o r  

t h i s  a n a l y s i s  by t h e  Federal Energy Management Program (FEMP). Even t h e  maxi -
mum impact of $67 m i  1  l i o n  over 5  years  of f ede ra l  r e s i d e n t i a l  c o n s t r u c t i o n  i s  

t o o  smal l  t o  be cons idered a  major e f f e c t .  

Regional  impacts are a l s o  expected t o  be smal l .  A l though s p e c i f i c  b u i l d -

i n g  types vary  w ide l y  across regions, t h e  average o f  a1 1  b u i l d i n g - t y p e  impacts 

w i t h i n  each reg ion  shows l i t t l e  r eg iona l  v a r i a t i o n .  The maximum reg iona l  v a r i  -
a t i o n  i s  o n l y  about $500 per  r e s i d e n t i a l  u n i t ,  o r  l e s s  than  1%o f  t h e  l i f e -  

c y c l e  cos t  of t h e  u n i t .  Bu i l d i ngs  cons t ruc ted  i n  a l l  reg ions  under t h e  

proposed s tandard  would exper ience reduced cos t s  ove r  t h e  1  i f e  c y c l e  of t h e  

b u i  1  d i  ng compared t o  t he  no-act ion a1 t e r n a t  ive. 

There a r e  no d i s c e r n i b l e  sec to ra l  o r  i n d u s t r y  impacts as a r e s u l t  o f  adop- 

t i n g  t h e  proposed standard,  nor  w i l l  t h e r e  be any d i s c e r n i b l e  adverse impacts 

on small businesses. The standard, as proposed, would p rov i de  adequate f l e x -  

i b i l i t y  t o  t h e  c o n t r a c t o r  t o  both meet t he  standard and min imize c o n s t r u c t i o n  

cos t s  under a  wide range o f  l o c a l  cos ts  o f  l abor ,  m a t e r i a l  and equipment. The 

l o c a l  i n f o r m a t i o n  on costs  used f o r  t h i s  ana l ys i s  suggests t h a t  l i f e - c y c l e  

cos t s  would be minimized by s u b s t i t u t i n g  more e f f i c i e n t  equipment f o r  a  more 

e n e r g y - e f f i c i e n t  s h e l l .  Given these cos t  data, res idences b u i l t  t o  t he  p ro -  

posed s tandard would use l e s s  i n s u l a t i o n ,  etc., more e n e r g y - e f f i c i e n t  



equipment, and s u b s t a n t i a l l y  l ess  energy over t h e  l i f e  o f  t h e  b u i l d i n g .  Th is  

would s h i f t  c o n s t r u c t i o n  expendi tures from mater i  a1 s  t o  equipment w i t h  min imal  

e f f e c t s  on i n d u s t r i e s  supp ly ing  these b u i l d i n g  components. S i m i l a r l y ,  t h e r e  

would be l e s s  use o f  energy over t he  1  if e  o f  t h e  b u i l d i n g s ,  thus reduc ing  

revenues t o  u t i  1  i ties supply ing r e s i d e n t i  a1 energy. These s u b s t i t u t i o n  e f f e c t s  

a r e  of almost no consequence i n  comparison t o  t h e  b e n e f i t s  f rom t h e  new r e s i -  

d e n t i a l  cons t ruc t i on .  

Some s l i g h t  nonquan t i f i ab le  e f f e c t s  cou ld  be assoc ia ted  w i t h  a  change i n  

t h e  procedures t h a t  r e s u l t  from adopt ing t h e  proposed standard, bu t  these a l s o  

a re  determined t o  be small.  Th is  f i n d i n g  i s  based on t h e  l a r g e  amount o f  

paperwork a l ready  requ i red  t o  meet cu r ren t  p r a c t i c e  and t h e  f l e x i b i l i t y  o f  t h e  

proposed standard. A c o n t r a c t o r  b i dd ing  on new fede ra l  r e s i d e n t i  a1 const ruc-

t i o n  would n o t  have t o  have any g rea te r  e x p e r t i s e  under t h e  proposed s tandard 

t han  under c u r r e n t  p rac t i ce .  

3.6 	 INSTITUTIONAL IMPACTS 

The NEPA l e g i s l a t i o n  requ i res  cons ide ra t i on  o f  t h e  poss ib le  i n s t i t u t i o n a l  

impacts t h a t  might r e s u l t  from implementing a  s i g n i f i c a n t  federa l  a c t i o n .  

A l though i t  i s  u n l i k e l y  t h a t  t h i s  issuance w i l l  be c l a s s i f i e d  as a  s i g n i f i c a n t  

f e d e r a l  a c t i o n ,  t h i s  assessment has addressed t h e  p o t e n t i a l  i n s t i t u t i o n a l  

e f f e c t s .  

Al though nea r l y  1 5  federa l  agencies procure housing, t he  Department o f  

Defense (DOD) procures n e a r l y  95% o f  t h e  t o t a l .  For t h i s  reason, t h e  i n s t i t u -  

t i o n a l  assessment has focused on DOD e f f e c t s .  Furthermore, because o f  DOD's 

major r o l e ,  t h e  s tandard was developed i n  c o n s u l t a t i o n  w i t h  DOD and t h e  m i l i -

t a r y  serv ices .  

The m i l i t a r y  serv ices purchase housing through Requests For Proposals 

(RFPs) us ing  a  tu rnkey  approach. Each s e r v i c e  uses an approach very s i m i l a r  t o  

those  used by t h e  o the r  serv ices,  but  each adds s p e c i f i c  ma te r i a l s  o r  r e q u i r e -

ments t a i l o r e d  t o  t h e  i n d i v i d u a l  s e r v i c e ' s  needs. Each s e r v i c e  has energy 

requi rements b u i l t  i n t o  t h e i r  RFPs, and housing b idders  must respond t o  these 

requirements.  



This new proposed standard has been designed t o  be compat ib le  w i t h  t h e  

f ede ra l  hous ing a c q u i s i t i o n  process. The COSTSAFR computer program produces a 

p o i n t  system designed speci  f i c a l  l y  f o r  attachment t o  procurement RFPs. A 

federa l  agency app l y i ng  t h e  s tandard c o u l d  use t h e  COSTSAFR program and p o i n t  

system t o  s p e c i f y  t h e  energy design requirements i n  RFPs. The agency would 

on l y  need t o  generate one p o i n t  system f o r  each housing t ype  and a t t a c h  t h e  

r e s u l t i n g  ou tpu t  t o  i t s  RFP. 

Because i t  prov ides  a s u b s t i t u t e  f o r  c u r r e n t  energy requirements i n  fed- 

e r a l  hous ing RFPs, t h e  proposed s tandard should  impose no a d d i t i o n a l  admin is-

t r a t i v e  requirements on f ede ra l  agencies. Because i t  r e l i e s  on computer 

ana l ys i s ,  however, t h e  s tandard cou ld  r e q u i r e  t h e  agencies t o  employ a new 

a n a l y s i s  approach. Th is  would r e q u i r e  ga in i ng  fami 1 ia r i  t y  w i t h  t h e  COSTSAFK 

program. Ease o f  use, however, was a major  cons ide ra t i on  i n  deve lop ing  t h e  

program, and numerous demonstrat ions w i t h  users unfami 1 ia r  w i t h  COSTSAFR, o r  

even computer so f tware  i n  general ,  have shown i t  t o  be a very s imp le  program t o  

operate.  Use o f  t h e  s tandard would r e q u i r e  a v a i l a b i l i t y  o f  computer hard-

ware. Most agencies develop RFPs a t  a l i m i t e d  number o f  l o c a t i o n s ,  however, so 

each agency would r e q u i r e  on ly  a few computers. Furthermore, t he  so f tware  was 

developed f o r  use w i t h  IBM-compatible personal  computers. Recent ly,  t hese  

computers have become very common and inexpensive.  

I n  summary, t h i s  proposed s tandard should  have n e g l i g i b l e  i n s t i t u t i o n a l  

e f f e c t s  on t h e  agencies t h a t  procure f ede ra l  housing. The s tandard b a s i c a l l y  

would s u b s t i t u t e  f o r  e x i s t i n g  procedures and requirements implemented by t h e  

a f f e c t e d  agencies. 
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APPENDIX A 

DESCRIPTION OF CASE-STUDY RESIDENCES 

The m a j o r i t y  o f  f ede ra l  r e s i d e n t i a l  hous ing i s  purchased f o r  m i l i t a r y  

use. 'Therefore, t h i s  environmental  assessment focuses on t h e  proposed s tan-  

dard 's  e f f e c t s  on m i l i t a r y  housing design. To form a design base case f o r  

eva l  u a t i  ng t h e  increment a1 e f f e c t  o f  t h e  proposed design standard, c u r r e n t  

m i l i t a r y  des ign p r a c t i c e s  f o r  r e s i d e n t i a l  hous ing were examined. To o b t a i n  t h e  

des ign i n fo rma t  ion ,  m i  1it a r y  housing procurement o f f  i c i  a1 s were contacted, and 

reques t - fo r -p roposa ls  f o r  m i 1 i t a r y  housing, b l t l e p r i  n ts ,  and s p e c i f i c a t i o n s  f o r  

s p e c i f i c  housing developments were analyzed. From t h i s  i n fo rma t i on ,  cons t ruc -

t ion documents were se lec ted  f o r  6 major  hous i  ng developments c o n t a i n i n g  over  

800 r e s i d e n t i a l  u n i t s .  The 800 u n i t s  represented 19 d i f f e r e n t  designs and were 

se lec ted  f rom l o c a t i o n s  t h a t  represent  t h e  var ious  c l i m a t i c  zones o f  t h e  con-

t inen ta l  U.S. S e n s i t i v i t y  analyses were conducted on these  u n i t s  t o  i d e n t i f y  

t h e  r e l a t i o n s h i p  between i n s u l a t i o n  and l o c a t i o n .  

A base case d e s c r i p t i o n  f o r  f i v e  b u i l d i n g s  was developed from b l u e p r i n t s  

and s p e c i f i c a t i o n s  t h a t  represent  t y p i c a l  c u r r e n t  m i  1 i t a r y  r e s i d e n t i a l  housi  ng 

des ign p r a c t i c e s  w i t h  respect  t o  f l o o r  area, foundat ion,  b u i l d i n g  ma te r i a l s ,  

f u rn i sh ings ,  and occupancy (see Table A.l). The f i v e  b u i l d i n g s  c o n t a i n  n i ne  

types  o f  r e s i d e n t i a l  u n i t s ,  1 i s t e d  i n  Table A.2. S p l i t - l e v e l  s ing le - fami  l y  

residences and s i  ng l  e - sec t i  on mob i le  home residences were no t  cha rac te r i zed  

becallse they  were determined t o  be a t y p i c a l  o f  m i l i t a r y  housing. These n ine  

base case residences became the  base l i ne  f rom which t h e  incrementa l  impact o f  

t h e  proposed standard is eval  uated . 
The design c h a r a c t e r i s t i c s  common t o  a l l  n ine  types o f  u n i t s  are sumrna-

r i z e d  i n  Table A.3. T h e  e ight -case s tudy  s i t e - b u i l t  housing u n i t s  have many 

f ea tu res  i n  common. A l l  a re  cons t ruc ted  w i t h  slab-on-grade foundat ions,  wood-

frame w a l l s  and t r ussed  r o o f  systems. The w a l l s  and c e i l i n g s  a r e  i n s u l a t e d  

w i t h  f i b e r g l a s s  ba t t s ,  and t h e  s labs are i n s u l a t e d  w i t h  extruded po l ys t y rene  

i n s u l a t i o n  board around t h e  per imeter .  Roof sheath ing c o n s i s t s  o f  



TABLE A . l  	 C h a r a c t e r i s t i c s  o f  Current  P r a c t i c e  Resi t i a l  B u i l d i n g s  and 
Composite Base l ine  Res iden t i a l  B u i l d i n g sfg! 

ACTUAL BUILDINGS 

Ft. Irwln, CA 

P ro jec t  Locat lon Yor ktown, (Army 


( s e r v lce) Unknown VA Barstow, CA New Orleans 


B u l l d l n g  Plan A B 	 A 8 C A B C D 

1. 	 Heat Ing Degree 

Days (65' Base) 7 3488 2203 1465 


2. 	 Cool lng Degree 

Days (65' Base) 7 1600 2200 2600 


3. 	 Year of  F r o j e c t  1983 1981 1982 1975 

4. 	 B u l l d l n g  Type Apt TH Apt 4-Plex TH TH SF0 Apt 
(prefab) 	 4-p lex 

d M u l t l  

5. 	 Subtype Apt TH Apt Apt EU 7 TH TH 1s Apt 

EU EU * EU EU MU,EU SFD MU,EU 


6. 	 # o f  Un l t s  In  96 62 232 58 84 581 26 90 4 80 

P r o j e c t  


7. 	 Occupant Grade JEM JEM 7 SNCO NCO CGO FGO JEM SGO JEM 

8. Gross Sq. 	 Ft. 1073 1436 1064 1156 1116 1387 1994 1567 2046 1060 
b . PT. w m  -93-9- T I T 2 R T - P V 6 T ; T m T T T V T 3 2 6 m ~  

-

9. 	 # o f  m s  2 3 2 2 4 3 4 2 

10. 	 # of Bath Rs 1 2 1/2 1 1 21+1/2+1/2 2 1 
11. 	 Heat lng Type Gas 


A lgn l t f on  Heat Pump LP Gas Gas 


12. Cool Ing Type None 	 Heat pump Spl lt /E lec t r  lc Spl I t / E l e c t r i c  

13. DHW Type Gas 	 E l e c t r l c  LP Gas Gas 

14. Appliances Type Gas 	 E l e c t r l c  LP Gas Gas 

15. Ex te r l o r  	Wall 50% Stucco 75% Br l c k  90% Stucco 100% 40% 90% 40% Br I ck  
F l n l s h  	 40% Sl ump S ld lng  10$ B r l c k  60% 10% 606 S ld lng  

10% Sld lng  

16. Ex te r i o r  Wall 	 none 1/2" 3/8" P l y 1/2" P l ywocd 
Sheath l ng 	 F l  berbol 

17. 	 Wall 'Framlng 2x14 2x4 2x4 2 x 4 16" OC 

16" 16" OC 16" OC 


18. 	 Wall l nsu la t l on  R-13 F R-13 F R-11 F or MF R-11 Fl  b. 

19. 	 C e l l  lng/Wal l 5/8" gyp 1/2If Gyp 1/2"/5/8It Gyp 1/2" Gyp
I n t e r l o r  F ln l sh  

20. 	 Wlndow Layers 2 l ?  1 2(7) 
21. 	 Wlndow Sash A l  ? A l  A l  

TY pe 	
- - - - - -- -- --------

22. Passlve Solar 	 none none 1 none None 
I 



P r o J e d  Locat lon 
( se rv l  ce) 

B u l l d l n g  Plan 

23. 	 Wlndow 

Treatments 


24. 	 Door Type 

25. 	 Storm Doors 

26. 	 C e l l I n  
1nsu1a91on 

27. 	 F loa-
Underlayment 
(2nd F loor )  

28. 	 F l ~ a  
InsuIa t Ion  

29. 	 Per lmeter 
l nsu la t l on  

30. 	 F l o a l n g  

31. 	 l n f l l t r a t l o n  
Reduct Ion 

32. 	 Roof Sheathlng 

33. 	 Foundatlon Type 

Sources 

Unknown 

A B 

? 

Metal 

1 3/4" 


l nsulated 


none 


R-35 

Ce l lu lose 


1 1/2" 
Gy pCrete 

5/8" CDX 
PI Y 

N A 

None 

Carpet-U 
Vlnyl-L 

WS, S, VB 

PI y 1/2Ir 

Slab 


Plans 


TABLE A.1. (contd)  

ACTUAL BUILDINGS 

Ft. I rw ln ,  CA 

Yorktown, (Army) 


VA Barstow, CA New Orleans 


A B C A B C D 

? 75% Solar ? 

Screen Bl inds & 

Drape t racks  


? MetaI 
lnsuIated Sol I d  Wood 

Yes None 	 None 

R-33 R-25 F MF R-19 Flb. 

~ 1 b 1 g  


1 1/211 3/4" PI y 5/8" P l y  p l u s  3/8" P l y  
GYP ( both 

5/8" PI  y ( f l o o r s )  

2" x 24" R-19 Flb. N A 

f oam 


3/411 foam N A 	 None 

Carpet-U Carpet-Upper V InyI 
Vlny I-L V lnyl-Lower a l l  except lrDI1: GU, V-L 

VB, ? None 	 WS 

1/211 CDX PI ywood 1/211 PI ywood 

P l y  


Slab Crawl space Slab 


Plans Plans d Specs Plans 




~ ~ 

TABLE A.1. (contd )  

ACTUAL BUILDINGS 

ProJect  Locat lon 
(Service) I 

Ft. Powell, WY 
( A l r  ~ a & )  
Powel I, WY 

Chase F i e l d  
Beevl l  le, TX 

(Navy) 

B u l l d l n g  Plan A B C D E F G A B 

1. Heating Degree 
Days (65' Base) 7708 876 

3. 

2. 

Year of P r o l e c t  

Cool lng Degree 
Days (65' Base) 

I 1984 

400 

I 1981 

3200 

5. 

4. 

Subtype 

B u l l d l n g  Type 1S 
SFD 

1 S 
SFD 

1S 
SFD 

1S 
SFD 

1S 
SF0 

1S 
SFD 

1S 
SFD 

2s 
SFD 

2S 
Duplex 

TH 
EU 

Apt 
EU 

I TH 
W.EU 

Apt 
EU 

6. 1 of Un i t s  
P r o J e d  

i n  1 1 4 6 4 12 22 12 68 

7. Occupant Grade FGO CGO SEM SEM JEM JEM JEM ? 

8. Gross Sq. Ft. 
Net  bq. I-?. 

1746 
~ 

1548 
W 

1650 
~ 

1530 
W 

1655 
T 

1506 
V 

1069 
T B 

1782 
~ 

1877 
- V W 

9. # of  BRs 4 3 4 3 4 3 2 4 2 

10. # o f  Bath Rs 2 2 2 2 2 1/2 2 1/2 1 1/2 2 1/2 1 

1 1. Heat1 ng Type Gas Gas A l  

12. Cool l n g  Type None Spl It/ 
E l e c t r i c  

13. DHW Type Gas Gas 

14. Appl lances Type Gas Gas 

15. E x t e r l a  Wall 
F l n l s h  

Cedar w' Sta ln, 40% Br l c k  50% 
50% Stucco 50% 

10% Sldlng 

16. Ex te r l o r  Wall 
Sheath Ing 

1/2" Gyp 1/211 
F l  berbcard 

18. 

17. 

Wall 

Wall 

I nsu la t i on  

Framing 

I R-19 

2 x 6 

Flb. 

1611 OC 

( R-13 Mineral 

2 x 4  
16" OC 

F l  b. 

19. Cel l lng/Wal l  
I n t e r l o r  F ln l sh  

26 
Br 1ck 

5/8" GYP 1/2" Gyp 

20. 

21. 

Window Layers 

Wlndow Sash 
Tvoe 

3 

Wood 

2 ( 1/471) 

A l 

22. Passl ve Solar Yes None 

23. Window 
Treatments 

Bl lnds and drape t racks  ? 

24. D o a  Type Metal InsuIated v e t a l  lnsuIated 



TABLE A.1.  ( contd )  

ACTUAL BUILDINGS 

P r o J e d  Locat lon 
(Service) I 

Ft. Powell, WY 
(A l r  Force) 
Powell. WY 
-

1 
Chase F l e l d  
BeevlI l e e  TX 

(Navv 

25. 

26. 

B u l l d l n g  Plan 

Storm Doors 

C e l l  lna  

I 
1 

A B C 

R-50 

D E 

Yes 

F l  beralass 

F G A B 

I None 

IR-22 Mlneral F. 

27. Floor 
Underlayment 
(2nd Floor)  

1 1/2" Gyp. Crete 
1 /2" Plywood 

P l y  3/4" P l y  

3/4" 3" I t . w t .  
conc. 

28. Floor 
l nsu la t l on  

N A None 

29. Perimeter 
l nsu la t l on  

R-24 Foam None 

30. F loo r l ng  Carpet 2nd f I. apt. 
Vlnyl  otherwise 

on ly Vinyl-Asbestos 
TI  l e  

31. l n f l l t r a t l o n  
Reduction 

VB, WS, S S WS 

32. Roof Sheathing 1/2" Plywood 5/8" P l y  

33. 

Sources 

Foundatlon T v ~ e  

I Plans 6 Soecs 

Slab 

I Plans 6 Soecs 

Slab 



TABLE A.1.  (contd)  

P r o j e c t  Locatlon 
(Service) 

1. 

B u l l d l n g  Plan 

Heat lng Degree 
Days (65' Base) 

Composite Case-Study 

NA N A 

Bu lI d  lngs (based 

N A 

on Actual 

N A 

Bul ld l  rigs)( b, 

N A 

2. Cool lng De r e e  
Davs (65' k s e )  N A N A N A N A N A 

3. Year of  ProJec 1984 1984 1984 1984 1984 

4. B u l l d l n g  Type MS Apt TH SFD SFD 

5. Subtype MS Apt ,EU ,MU TH,EU,MU IS.SFD PS, SFD 

7. 

6. 

Occu~ant  Grade 

# o f  Un l t s  I n  
ProJect 

1 I JEM/NCO 

N A 

J EM/NCO 

N A 

J EM/NCO 

N A 

FGO 

N A 

J EM/NCO 

N A 

8. Gross Sq. Ft. 
N ~ Tsq. tt. 

1344 
71m 

1073 
T~T 

1436 
m 

1746 
TIT 

1655 
T ~ T B  

10. 

9. 

1 o f  

# of 

Bath Rs 

BRs 

1 I 2 

3 

1 

2 

2 1/2 

3 

2 

4 

2 1/2 

4 

11. 

13. 

12. 

14. 

Heat lng Type 

DHW Type 

Cool lng Type 

Appliances Type 

I 
I 

I 
1 

Gas 

Gas 

Gas 

Spl It/ 
E l e c t r l c  

Gas 

Gas 

Gas 

-

Spl It/ 
E l e c t r l c  

Gas 

Gas 

Gas 

Spl It/ 
E l e d r l c  

Gas 

Gas 

Gas 

Spl It/ 
E l e c t r i c  

Gas 

Gas 

Gas 

Spl It/ 
E l e c t r l c  

15. E x t e r l a  Wall 
F ln l sh  

100% wood 
S ld lng  

50% Br lck/50% Wood Sld lng  

16. E x t e r l a  Wall 
Sheath 1na 

None 1 /2 I fP l y  1 /2 f lP l y  
- -  

1 / 2 f t P l y  1 /2 I lP l y  

17. Wall Framlng Var lab le  

18. Wall l nsu la t l on  Var lable 

20. 

19. 

21. 

Wlndow Layers 

Cel l lng/Wal l  
l n t e r l a  F l n l s h  

Wlndow Sash 

T v ~ e  

I 

I 
1 

I 
Var lab le  

5/811 Gypsum Bd. 

22. Passlve Solar None None None None None 

23. Wlndow 
Treatments 

4 M  Drapes 
60% Bl lnds 

24. D o o r  Type Metal 1 nsul ated 
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TABLE A.1 .  (contd) 

ProJect  Locat ion 

(Service) 


B u i l d i n g  P lan 
1 

Canposite Case-Study 	 Bu i ld ings  (based on Actual Bu i l d i ngs ) (b )  

25. 	 Storm Doors Yes Yes Yes Yes Yes 

26. 	 ' Ce l l  I ng  Var iable 

27. 	 Floor NA 5/811 PI ywood p l  us 1  1/2" Gypcrete 

Under Iayment 

(2nd F loor )  


28. 	 Floor R- 19 NA N A NA NA 

I nsu la t i on  


29. 	 Per 1meter NA Var iable 

l nsu la t l on  


30. 	 F loor ing  Vlnyl  Carpet- Vlnyl Vinyl  Vlnyl  

Upper 


Vinyl -
Lower 

31. 	 l n f  i l t r a t i o n  VB, WS, S VB, WS, S VB, WS, S VB, WS, S VB, WS, S 
Reduction 

32. 	 Roof Sheathing 3/811 P l y  i/2lt P l y  1/2* P l y  i/2I1 P l y  1/211 P l y  

33. 	 Foundation Type 1 crawl Slab Slab Slab Slab 

( a )  	 Key (by l i n e  number): 
1. 7 	 = Informat ion no t  obtained or not  certa in;  NA = no t  applicable. 
4. 	 Apt = apartment; TH = townhouse; 1s SFD = one-story s ing le- faml ly  


residence; 2s = two story; MS = mul t isect lon.  

5. 	 EU = end un i t ;  MU = middle un i t .  
7. 	 JEM = Jr. En1 l s t e d  Man; SNCO = S ta f f  Noncunmissloned Off  l cer ;  CGO 


= Commanding Grade Of f icer ;  FGO = F i e l d  Grade O f f i ce r ;  SEM = 

Senlor Enl isted Man. 


11. 	 A l g n i t i o n  = automatic i gn i t i on ;  LP = l i q u i d  petroleum. 
13. 	 DHW = domestic h o t  water. 
17. 	 OC = on center 
18. 	 F = f  lberglass; MF = mineral f i b e r  
30. 	 U = upper f l oo r ;  L = lower f l o o r  
31. 	 WS = weather s t r l pp lng ;  S = sealing; VB = vapor bar r ie r .  

( b )  	 These case-study conf i gu ra t i ons  are used as the base1 ine bui ld ings  I n  
t h i s  assessment. 



TABLE A.2. Case Study Residences 

S i t e -Bu i  1  t Residences 

Detached 

1 )  Single-fami l y  residence, 1 s t o r y  (SFR-1s) 

2) S ing le- fami  l y  residence, 2  s t o r y  (SFR-2s) 

At tached 

3) Townhouse, midd le u n i t  (TH-MU) 

4)  Townhouse, end u n i t  (TH-EU) 

5) Apartment, midd le  u n i t  ( ups ta i  r s )  (APT-MU-U) 

6 )  Apartment, m idd le  u n i t  (downstai r s )  (APT-MU-D) 

7 )  Apartment, end u n i t  ( ups ta i  r s )  (APT-EU-U) 

8) Apartment, end u n i t  (downstai r s )  (APT-EU-D) 

-Manufactured Resi dences 

9) Mohi 1  e  home, mu1t i-sec t ion  (MH-MS) 

112" plywood. E x t e r i o r  w a l l  f i n i s h e s  c o n s i s t  o f  approx imate ly  50% b r i c k  veneer 

and 50% f a c t o r y - f i  n i  shed wood s i d i n g  over 112" plywood sheathing. I n t e r i o r  

w a l l  and c e i l i n g  f i n i s h e s  cons i s t  o f  518" gypsum board (wa l l  board).  Windows 

have a l ~ ~ m i n u m  and 40% have drapes Doorssashes, and t h e  remai nder have b l i n d s .  

a re  i n s u l a t e d  metal  u n i t s  w i t h  e x t e r i o r  s torm doors. Second f l o o r s  (not  a p p l i -  

cab1 e t o  s i  ng l  e - s to r y  res idences)  a re  cons t ruc ted  o f  518" plywood under1 ayment 

covered w i t h  1 1/2" o f  gypcrete ( l i g h t w e i g h t  gypsum concrete) .  A l l  f l o o r s  a r e  

f i n i s h e d  w i t h  v i n y l  f l o o r  t i l e s  o r  sheet v i n y l ,  except f o r  t h e  second f l o o r s  o f  

townhouses and apartments and s ta i rways  i n  two-s to ry  residences, which a r e  

carpeted. 

Other c h a r a c t e r i s t i c s  a l so  apply  t o  a l l  case-study r e s i d e n t i a l  u n i t s ,  

i n c l u d i n g  t he  manufactured types.  Cabinets are cons t ruc ted  from hardwood p l y -  

wood f o r  exposed sur faces and p a r t i c l e b o a r d  f o r  d i v i d e r s ,  she1 ves, and coun-

t e r t o p  bases. Mo is tu re  and a i r  i n f i l t r a t i o n  c o n t r o l  measures i n c l u d e  vapor 

b a r r i e r s  under s labs  (under t he  f l o o r  i n  manufactured u n i t s )  and on t h e  i n t e -  

r i o r  s i d e  o f  w a l l s  and c e i l i n g s .  Windows and doors a re  weathers t r ipped  and 

caulked. Gas- f i red  appl iances are t y p i c a l l y  used i n  t h e  residences. Each u n i t  

i s  equipped w i t h  a  k i t c h e n  range exhaust hood capable of exhaust ing 150 cfm, 



TABLE A.3. Design C h a r a c t e r i s t i c s  Appl icab1 e t o  A1 1 Nine Types o f  Residences 

I t em Base Case C h a r a c t e r i s t i c s  

A i  r Exchange Bathroom fan  50 cfm 
K i tchen  f a n  150 cfm 
No whole house mechanical f r e s h  a i  r system 
No a i  r - t o - a i  r heat  exchanger 

I n fi1t r a tion Reduction Vapor b a r r i e r  
6 m i  1 po lye thy lene  w a l l  s 
6 m i  1 po l ye thy lene  c e i  1 i n g  

Weat h e r s t  r ip p i  ng 
Seal ing of cracks 

Heat ing/Cool ing Natura l  gas fo rced-a i  r fu rnace  
E l e c t r i c  c e n t r a l  a i r  c o n d i t i o n i n g  
No woodstoves, f i rep1 aces o r  kerosene heaters  
Standard home HVAC a i r  f i l t e r s  

Hot Water Heater Natura l  gas heated 

Cooking One gas s tove per  u n i t  
One gas oven pe r  u n i t  

Water Provided by basewide system 

Window Sash A1 umi num 

Window Coverings Drapes a t  40% o f  windows 
B l i n d s  a t  60% o f  windows 

Door Metal i n s u l a t e d  door  
Storm door 

Furn ish ings  Suppl ied by occupant 

Foundation Slab-on-grade (except mobi l e  home) 

Passive So la r  Not t y p i c a l l y  used 

Occupancy 2 bedroom residence 
3 bedroom residence 
4 bedroom residence 

- 2 a d u l t s ,  
- 2 a d u l t s ,  
- 2 adu l t s ,  

1 c h i l d  
2 c h i l d r e n  
3 c h i l d r e n  

and a1 1 bathrooms i n c l u d e  50 cfm exhaust fans. Heat ing systems a r e  f o r ced -a i  r 

t y p e  w i t h  s tandard r e s i d e n t i a l  furnace f i 1 t e r s .  Outs ide a i  r i s  not i n t r oduced  

i n t o  t h e  furnace r e t u r n  a i r .  F i rep laces  and wood s toves a re  no t  t y p i c a l  i n  

m i l i t a r y  housing. A i r - t o - a i r  heat exchangers a re  not used i n  t h e  base-case 



r e s i d e n t i a l  u n i t s .  The water supply i s  from a base-wide system r a t h e r  than  

i n d i v i d u a l  we1 1 s. S p e c i f i c  design c h a r a c t e r i s t i c s  are summarized i n  Table A.4. 

A. 1 	 SITE-BUILT RESIDENCES - DETACHED 

Two detached s i t e - b u i  1 t residences were analyzed and a re  b r i e f l y  descr ibed  

be1 ow. 

A. 	1.1 Si  ngle-Fami l y  Residence Sing1 e-Story  

The case-study s i n g l e - s t o r y  s i n g l e - f a m i l y  residence (SFR) has f o u r  bed-

rooms and 2 f u l l  baths, and i s  occupied by a f a m i l y  o f  5 persons. It has a 

gross f l o o r  area o f  1746 square f e e t  (F igure A. l ) .  

A.1.2. Siugle-Family Residence Two-Story 

The case study two-story  SFR has four  bedrooms and 2 112 baths, and i s  

a l s o  occupied by a fami ly  o f  5. The 4 bedrooms and 2 baths are l o c a t e d  on t h e  

second f l o o r .  The u n i t  has a gross f l o o r  area o f  1655 square fee t  

(F i gu re  A.2). 

A.2 	 SITE-BUILT RESIDENCES - ATTACHED 

Two types o f  a t tached s i t e - b u i l t  residences were analyzed and are 

d e s c r i  bed be1 ow. 

A.2.1 Townhouses 

The case study townhouse u n i t  has 3 bedrooms and 2 1/2 baths, and i s  occu-

p i e d  by a f a m i l y  o f  4. The u n i t  has a gross f l o o r  area o f  1343 square f e e t  on 

2 f l o o r s ,  and a l l  t h e  bedrooms and 2 o f  t h e  baths a re  l oca ted  on t h e  second 

f l o o r .  End-uni t  and m idd le -un i t  townhouses have i d e n t i c a l  f l o o r p l a n s ;  t h e  o n l y  

d i f f e r e n c e  i s  t h a t  t h e  end-uni t  has on ly  one wa l l  i n  common w i t h  an ad jacent  

u n i t ,  w h i l e  t he  m idd le -un i t  shares two common wa l l s .  The end-un i t  has a l l  i t s  

windows on two wa l l s ,  as does t he  m idd le -un i t ,  so t h e  window and door areas and 

l o c a t i o n s  are t h e  same f o r  bo th  types. The case-study townhouse b u i l d i n g  has 

4 u n i t s  (F igure  A.3.) 
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The case-study apartment u n i t  p a i r  cons i s t s  o f  an u p s t a i r s  u n i t  and a 

downsta i rs  u n i t ,  i d e n t i c a l  i n  p l a n  and l o c a t e d  one above t h e  o ther .  An a p a r t -  

ment u n i t  has 2 bedrooms and 1 bath, and i s  occupied by a  f a m i l y  of 3. Each 

u n i t  has a  gross f l o o r  area o f  1057 square f e e t .  Ups ta i rs  u n i t s  a re  carpe ted  

except  f o r  t h e  k i t c h e n  and bathroom. L i k e  townhouses, t h e  windows and doors i n  

end-un i t  and middl  e -un i t  apartments a re  i d e n t i c a l  . The t y p i c a l  apartment 

b u i l d i n g  has 6  u n i t s  (F igure  A.4). 

A .3  MANUFACTURED HOUSES 

The case-study m u l t i s e c t i o n  manufactured home has 3 bedrooms and 2 baths, 

and i s  occupied by a f a m i l y  o f  4. The u n i t  has a  gross f l o o r  area of 1263 

square f e e t  (F igure A. 5). Case-study manufactured homes have some d i  f f e r e n t  

c h a r a c t e r i s t i c s  f rom t h e  case-study s i t e - b u i  l t  homes. Rather than  hav ing  b r i c k  

veneer e x t e r i o r  f i n i s h ,  100% wood s i d i n g  i s  used. E x t e r i o r  w a l l  shea t ing  i s  

n o t  used, and i n t e r i o r  f i n i s h e s  a re  t y p i c a l l y  1/2" gypsum board. Roof sheath- 

i n g  i s  3/8" plywood. Foundations are not  t y p i c a l l y  used, bu t  a  crawlspace i s  

c rea ted  by c o n s t r u c t i n g  a  concrete per imete r  s k i r t i n g  t o  g i ve  t h e  appearance of 

a foundat ion. The f l o o r  space i s  i n s u l a t e d  w i t h  f i b e r g l a s s ;  i t s  th ickness  

v a r i e s  w i t h  c l  imate. 
a 
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APPENDIX B 

INDOOR A I R  QUALITY MONITORING 

Th is  appendix descr ibes  measurements o f  i ndoo r  a i r  qual  i t y  and a i r  

exchange ra tes  taken i n  t h r e e  occupied u n i t s  o f  a m u l t i f a m i l y  hous ing complex 

a t  t h e  Naval submarine base i n  Bangor, Washington, over  f i v e  consecu t i ve  days 

d u r i n g  t h e  hea t i ng  season. Al though t h r e e  b u i l d i n g s  do not  c o n s t i t u t e  a rep re -

s e n t a t i  ve sample, t h e  measurements were taken  t o  d i  r e c t l y  o b t a i n  some ind i  ca- 

t i o n  o f  indoor  a i r  q u a l i t y  i n  occupied f ede ra l  residences f o r  t h e  i ndoo r  a i  r 

qual  i t y  model i n g  e f f o r t .  

The Housing D i v i s i o n  o f  t h e  Bangor Naval Submarine Base a s s i s t e d  i n  f i n d -  

i n g  vo lun teer  r es i den t s  t o  p a r t i c i p a t e  i n  t h i s  study. Three u n i t s  were s e l e c -  

t e d  t o  p a r t i c i p a t e  based on t h e i r  l o c a t i o n  w i t h i n  t h e  housing complexes on t h e  

base and ease o f  access t o  t he  u n i t  d u r i n g  t h e  mon i t o r i ng  per iod.  The 3 u n i t s  

were cons t ruc ted  i n  1978 and a r e  i d e n t i c a l  i n  s ize. Each - u n i t  was i n  a sep- 

a r a t e  2 -s to ry  4 -un i t  complex. One u n i t  was a downsta i rs  u n i t  and t h e  o the r  two 

u n i t s  were ups ta i  r s  u n i t s  . 
Indoor  l e v e l s  o f  dai l y  a i  r exchange rates,  p a r t i c u l a t e  mat te r ,  carbon 

monoxide (CO), n i t r o g e n  d i o x i d e  (NO2), and formaldehyde were measured f o r  about 

one week, and radon was measured f o r  one month i n  each u n i t .  Indoor  and o u t -  

door temperatures and w i  ndspeed were a1 so recorded. Dai l y  a c t i v i t y  records  

(cooking, c leaning,  tobacco use, window and door openings) were kep t  by each 

occupant. The ins t rumenta t ion ,  measurement p ro toco l ,  d e s c r i p t i o n  o f  t h e  u n i t s  

and a summary o f  t h e  mon i t o r i ng  r e s u l t s  f o r  each u n i t s  a re  discussed i n  t h e  

f o l  l ow ing  sec t ions .  

B .1 INSTRUMENTATION 

A i r  exchange ra tes  were measured us ing  pe r f1  uorocarbon t r a c e r  sampled by a 

programmable atmospheric t r a c e r  sampler. A p o r t a b l e  weather s t a t i o n  was s e t  up 

t o  measure outdoor temperature, w i  ndspeed, and wind d i r e c t i o n .  Indoor  tempera- 

t u r e  was measured us ing  a t h e r m i s t o r  and a b imeta l  1 i c  thermometer. Real - t ime 



measurements o f  i ndoo r  concen t ra t i ons  o f  p a r t i c u l a t e  ma t t e r  and CO were taken  

da i  l y  in each residence. Week-1 ong in teg ra ted  measurements of indoor and o u t  -
door  formaldehyde and NO2 and a month-long i n t e g r a t e d  measurement o f  radon were 

a l s o  taken. The ins t ruments  used t o  measure these parameters a r e  l i s t e d  

be1 ow. 

0.1.1 A i r  Exchange Rate 

The a i r  exchange r a t e  was measured us i ng  pe r f l uo roca rbon  t r a c e r  (PFT) 

gas. The p r i n c i p l e  o f  t h i s  techn ique  i s  based on t h e  s teady-s ta te  assumption 

t h a t  t h e  average concen t ra t i on  o f  a  t r a c e r  gas o r  vapor i n  a  s t r u c t u r e  i s  equal 

t o  t h e  emiss ion r a t e  o f  t h e  t r a c e r  source d i v i d e d  by t h e  a i r  exchange o r  i n f i  1  -
t r a t i o n  r a t e  o f  a i r .  The t r a c e r  source i s  a  f l uo roe las tomer  p l u g  impregnated 

w i t h  a  known mass o f  PFT and cr imped w i t h i n  a  metal  s h e l l .  The PFT d i f f u s e s  

f r om t h e  end o f  t h e  p l u g  a t  a  known ra te ,  which somewhat depends on room tem- 

pera tu re .  

The t r a c e r  i s  captured by d i f f u s i o n  o f  t h e  a i r bo rne  gas on to  a s o l i d  so r -

bent .  The PFT was captured us i ng  a ~i11 i a n ( a )  Programmable Atmospheric Tracer  

Sampler (PATS) p laced i n  each residence. The PATS u n i t s  were programmed t o  

cap tu re  t h e  t r a c e r  gas onto s t a i n l e s s  tubes c o n t a i n i n g  t h e  s o l i d  adsorbent a t  

approx imate ly  6- t o  8-hour i n t e r v a l s  f o r  each tube d u r i  ng t h e  moni t o r i  ng 

per iod .  The concen t ra t i on  o f  t h e  t r a c e r  gas i s  determined on each sampl ing 

t ube  by gas chromatographic ana l ys i s .  The a i r  exchange r a t e  i s  t hen  c a l c u l a t e d  

from t h e  t r a c e r  gas concen t ra t i on  on each tube, t h e  t r a c e r  gas emiss ion r a t e  

f r om  each source deployed (approx imate ly  1 per  every  500 f t 2 ) ,  t h e  sampl ing 

t ime,  and t h e  s t r u c t u r e  volume. 

0.1.2 	 Indoor/Outdoor Temperature 

Temperature was measured us i ng  t h e r m i s t o r s  and recorded on a da ta  l o g -  

ger.  Temperature was a l s o  recorded u s i n g  a b i m e t a l l i c  thermometer. The o u t -  

door  t h e r m i s t o r  was sh ie lded.  

(a ) 	 G i  1  1  ian Inst rument  Corporat ion,  Wayne, New Jersey. 

B .2 



0.1.3 Winds~eed and D i r e c t i o n  

Windspeed and d i r e c t i o n  were measured w i t h  a p o r t a b l e  cup anemometer and 

wind vane se t  on t h e  ground. The u n i t  extended 10 ft above t h e  ground and was 

se t  on a t r i p o d .  A bat tery-operated data logger  recorded t h e  data. 

B.1.4 P a r t i c u l a t e  Ma t te r  

P a r t i c u l a t e  mat te r  was measured w i t h  a GCA Corporat i  on, Real -Time Aerosol 

Monitor,  Model RAM-1. The RAM-1 measures aeroso ls  from approx imate ly  0.1 t o  

20 mn i n  diameter.  The cont inuous readout of p a r t i c u l a t e  mat te r  concent ra t ion  

was recorded on a cha r t  recorder.  

B.1.5 Carbon Monoxide 

Carbon monoxide (CO) was measured us ing  a d i r e c t  i n d i c a t i n g  SPE cont inuous 

d i g i t a l  readout e lect rochemical  analyzer  manufactured by General E l e c t r i c  Com- 

pany, A i r c r a f t  Engine Group. The inst rument  i s  capable o f  d e t e c t i n g  CO as low 

as 1 ppm w i t h  an accuracy o f  10% o f  t he  reading. The con t inuous ' readout  of CO 

l e v e l  was recorded on a char t  recorder.  

B.1.6 N i t rogen D iox ide  

N i t rogen d iox ide  (NO2) was measured us ing  an MDA S c i e n t i f i c  Inc., Model 

530, pass ive sampler. The sampler c o l l e c t s  NO2 accord ing t o  t h e  p r i n c i p l e s  of 

molecular  d i f f u s i o n  o f  NO2 onto a coated d i sc  b u i l t  i n t o  t he  sampler. The 

amount o f  NO2 i s  analyzed colormet r i c a l  ly. Exposure can be measured re1  i a b l y  

w i t h i  n 10% accuracy. 

B.1.7 Radon 

Radon was measured by deploy ing a s i n g l e  Terradex Type F Track ~ t c h @ ( ~ )  

radon d e t e c t o r  i n s i d e  t h e  house. The Track Etch@ de tec to r  i s  designed t o  be 

l e f t  i n  t h e  measurement area f o r  30 days or more and can measure concent ra t ions  

as low as 0.2 pCi / a  f o r  an exposure t ime o f  1 t o  3 months. 

( a )  A r e g i s t e r e d  trademark o f  t h e  Terradex Corp., Walnut Creek, C a l i f o r n i a .  



B. 1.8 Formaldehyde 

Formaldehyde was measured indoors  and outdoors  u s i n g  an A i r  Q u a l i t y  

Research Inc., PF-1 pass ive  i n t e g r a t e d  mon i to r .  The mon i t o r  i s  capable of 

d e t e c t i n g  formaldehyde concen t ra t ions  as low as 0.001 ppm f o r  a 7-day exposure 

pe r i od .  

B.2 RESIDENCE DESCRIPTION 

A1 1  t h r e e  residences were l oca ted  i n  r e c e n t l y  cons t ruc ted  (about 1978) 

complexes. One o f  t h e  residences i s  a  downs ta i rs  u n i t  o f  a f o u r - p l e x  and two 

res idences are t h e  u p s t a i r s  u n i t s  o f  a  f ou r -p l ex .  The complexes are s h e l t e r e d  

by a smal l  h i l l  on t h e  west s i de  bo rde r i ng  about h a l f  o f  t h e  r e s i d e n t i a l  area. 

The t h r e e  residences each have 940 f t2 w i t h  8 - f t  c e i l i n g s  and i d e n t i c a l  

f l o o r  p lans  o f  two bedrooms, a l i v i n g  room/d in ing room, f a m i l y  room, k i t c h e n ,  

and one bathroom. The f i r s t - f l o o r  u n i t  shares a  common w a l l  w i t h  a garage. 

Cons t ruc t i on  i s  wood framed w i t h  s lab-on-grade f o r  t h e  f i r s t  f l o o r  u n i t  and a  

2 - in .  concre te  s l a b  f l o o r  f o r  t h e  second- f loor  u n i t s .  A l l  u n i t s  a re  about 75% 

carpeted,  and none o f  t h e  u n i t s  have any combustion appl iances o r  wood-burning 

f a c i l i t i e s .  

B.3 MEASUREMENT PROTOCOL 

Each res idence was surveyed t o  determine t h e  l o c a t i o n s  f o r  t h e  i ns t r umen ts  

and t h e  sources o f  t h e  per f luo rocarbon  t r a c e r  gas. I n  each res idence,  t h e  

a c t i v e  ins t ruments  were placed i n  t h e  main l i v i n g  area near an i n s i d e  w a l l  and 

away f rom windows and ou t s i de  doors. I n s i d e  pass ive  po l  l u t a n t  mon i to rs  f o r  

NO2, radon and for~naldehyde were hung f rom t h e  c e i l i n g  i n  each residence. The 

i n s i d e  temperature mon i t o r  was p laced i n  t h e  ha l lway ,  and an a d d i t i o n a l  tem-

pe ra tu re  probe was p laced near t h e  a c t i v e  ins t ruments  i n  t h e  main l i v i n g  

area. The outdoor  mon i to rs  f o r  IV02 and formaldehyde were p laced  on t h e  weather 

s t a t i o n .  

The weather s t a t i o n  t o  measure outdoor  temperature, windspeed, and wind 

d i r e c t i o n  was p laced  behind t he  complexes. The data l ogge r  f o r  t h e  weather 

s t a t i o n  was p laced nex t  t o  t h e  b u i l d i n g  complex, and a l l  sensor leads were run 



t o  t h e  r e s i d e n t i a l  u n i t .  A f t e r  t he  exper iments were concluded, i t  was noted 

t h a t  t h e  logger  had no t  recorded t h e  outdoor  temperature and, t he re fo re ,  these 

da ta  were 1 o s t  . However, temperature was recorded f rom thermometer r ead i  ngs , 
and these values were used. 

0.3.1 Residence #1 

Residence #1 i s  an u p s t a i r s  u n i t  occupied by t h r e e  people, one o f  whom 

smoked. The res idence was monitored f rom Monday, November 7, u n t i  1 Saturday, 

November 12, f o r  a i  r exchange and a1 1 po l  1 u t a n t s  i n c l u d i n g  radon. M o n i t o r i n g  

f o r  radon cont inued u n t i l  December 7. 

Two sources o f  per f luo rocarbon  were placed i n  t h i s  residence 24 hours 


before a i r  i n f i l t r a t i o n  was measured. One source was placed i n  t h e  f a m i l y  


room, and t h e  o the r  was placed i n  t h e  ha l lway a t tached t o  t h e  t he rm is to r .  


P a r t i c u l a t e  mat te r  was monitored every o the r  day because o n l y  one i n s t r u -  

~nen t  was a v a i l a b l e  t o  mon i to r  residences #1  and #2. The second p a r t i c u l a t e  

ma t te r  ins t rument  scheduled t o  be used was t o o  no isy.  The remain ing ins t rument  

was t he re fo re  s h u t t l e d  between residences # 1  and 82. I n  add i t i on ,  t h e  CO 

mon i t o r  mal funct ioned Thursday n i g h t  and Fr iday  morning, so those da ta  were 

l o s t .  

The t r a c e r  gas was sampled f o r  a i r  exchange r a t e  every 8 hours, s t a r t i n g  

a t  8 pm on November 7. Beginning on November 8, t h e  occupants kep t  d a i l y  

a c t i v i t y  records. 

B.3.2 Residence #2 

Residence #2 i s  a downsta i rs  u n i t  occupied by f o u r  people, two o f  whom 

smoked. The res idence was moni tored f rom Tuesday, November 8, th rough  

Saturday, November 12, f o r  a i r  exchange r a t e  and f o r  a l l  p o l l u t a n t s  i n c l u d i n g  

radon. Mon i t o r i ng  f o r  radon cont inued u n t i l  December 9. 

Two per f luorocarbon sources were p laced i n  t h i s  residence 24 hours b e f o r e .  

mon i to r ing .  One was p laced i n  t h e  ha l lway  near t h e  bedrooms, and t h e  o t h e r  on 

t h e  temperature probe between t h e  f a m i l y  and d i n i n g  rooms. p a r t i c u l a t e  m a t t e r  

was sampled every o the r  day f o r  res idence # l .  Sampling o f  CO was n o t  perforrned 

on Saturday and t he  inst rument  ma l func t ioned  on F r i day  and t he  data were 



l o s t .  Tracer gas concent ra t ion  was sampled every 6.3 hours from November 8 a t  

8 pm u n t i l  12 am on November 12. D a i l y  a c t i v i t y  records were kept  by t h e  occu- 

pants begi nn i  ng November 9. 

8.3.3 Residence #3 

Residence #3 i s  an u p s t a i r s  u n i t  occupied by t h ree  people, none of whom 

smoked. This residence was monitored from Monday, November 14, u n t i  1 Saturday, 

November 19. 

Only one source o f  pe r f1  uorocarbon t r a c e r  was placed i n  t h i s  residence, 

24 hours be fo re  mon i to r ing .  The t r a c e r  was sampled us ing  t h e  PATS u n i t  every  

8 hours, beginning a t  10 pm on November 14 and ending a t  9 am on November 19. 

Carbon monoxide and p a r t i c u l a t e  ma t te r  were con t inuous ly  monitored d u r i n g  t h a t  

per iod.  A d a i l y  a c t i v i t y  record was kep t  by t h e  occupants beginning on 

November 14. 

Indoor  temperature was measured by a t h e r m i s t o r  hung i n  t h e  hal lway and 

t h e  per f luorocarbon source was at tached t o  t h i s  t he rm is to r .  Temperature was 

a l s o  recorded us ing  a b i m e t a l l i c  thermometer near t h e  PATS u n i t .  

B.4 	 RESULTS OF A I R  QUALITY AND A I R  EXCHANGE MEASUREMENTS 

The mon i t o r i ng  r e s u l t s  f o r  residence # l  ( u p s t a i r s  u n i t )  are summarized i n  

Table B .l.Mean concent ra t ions  and s tandard dev ia t i ons  and mon i t o r i ng  t imes  

a re  given f o r  each p o l l u t a n t  f o r  each day of t h e  moni t o r i q g .  Mean values o f  

a i  r exchange r a t e  are 1 i s t e d .  The values f o r  formaldehyde, n i t r o g e n  d iox ide ,  

and radon are average values f o r  t h e  g iven t ime per iod.  Table B . l  a l so  gives 

mean dai  ly  temperature d i f f e r e n c e  ( o u t s i  de-i ns i  de) and dai  l y  average wind- 

speed. A lso noted are any s i g n i f i c a n t  a c t i v i t i e s  recorded on t h e  d a i l y  

a c t i v i t y  forms. The PATS u n i t  sampled t h e  t r a c e r  gas every 8 hours d u r i n g  t h e  

moni t o r i  ng p e r i  od. 

The moni t o r i  ng r e s u l t s  f o r  residence #2 (downstairs u n i t  ) are sumnari zed 

i n  Table B.2. Mean concent ra t ions  and s tandard dev ia t i ons  are g iven  f o r  each 

p o l  1 u tan t  monitored f o r  each moni t o r i  ng p e r i o d  ind ica ted .  Dai l y  average a i  r 
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TARLE n.7. Surnrnarv o f  Measurements i n  Res idence #2 

Day/Date 

Tuesday 11/03 

Wednesday 11/09 

Thursday 11/10 

w 
03 

Friday 11/11 

Saturday 1 1 /12 

Parameter 

Temperature D i f f e rence  
W i  ndspeed 
P a r t i c u l a t e  Matter  
Carbon Monoxide 
A i r  Exchange Rate 

Temperature D i f fe rence 
W Indspeed 
P a r t i c u l a t e  Matter  
Carbon Monoxide 
A i r  Exchange Rate 

Temperature D i f f e rence  
W indspeed 
P a r t i c u l a t e  Matter 
Carbon Monoxide 
Carbon Monoxide 
A i r  Exchange Rate 

Temperature D if f erence 
W i  ndspeed 
P a r t i c u l a t e  Matter  
Carbon Monoxide 
A i r  Exchange Rate 

W Indspeed 

A i r  Exchange Rate 


A i r  Exchange Rate 

Ni t rogen Diox lde  ( i n s l d e )  

Ni t rogen Diox lde  (outs ide)  

Radon 

Formaldehyde (outs ide)  


Averaqe Va lues Notes /S lgn i f i cant  A c t i v l t l e s  

14.4'C Act  l v i  t y  record not  comp leted 
0.7 m/s 
31 k 13 ug/m3 
1.4 f 0.8 ppm 
0.31 ACH 

13.3OC 
0.9 m/s 
21 * 12 ug/m3 6 c iga re t tes  smoked 
1.2 f 1.6 ppm Cloths dryer used 2 h 
0.37 ACH 

14.4OC 
1.6 m/s 
46 f 14 u g h 3  10 c iga re t tes  smoked dur ing  day 
2.6 f 0.7 ppm 
Missing 
0.24 ACH 

12.Z0C Dryer used 1 h 
1.2 m/s 
24 * 19 9 c iga re t tes  smoked dur lng  day 
Miss lng Instrument mal funct ioned 
0.29 ACH Ki tchen exhaust fan used 

2.5 m/s 
0.22 ACH 

0.29 i O.qa+CH 

<0.00Q PPm(a) 

<Om003 P P T ~ )  

2.9 pCl / lC)  
0.01 ppm 



exchange r a t e s  are a l s o  given, a long  w i t h  d a i l y  average windspeed and tempera- 

t u r e  d i f f e r e n c e  ( i ns i de -ou t s i de ) .  Also shown i n  Table B.2 a r e  t h e  s i g n i f i c a n t  

a c t i v i t i e s  recorded on t h e  d a i l y  a c t i v i t y  forms. The t r a c e r  gas was sampled 

every  6.3 hours  and, t h e r e f o r e ,  a i r  exchange r a t e  was c a l c u l a t e d  f o r  6.3 hour  

i n t e r v a l s .  

Table  8.3 summarizes t h e  mon i t o r i ng  r e s u l t s  f o r  res idence #3 ( u p s t a i r s  

u n i t ) .  Mean concen t ra t i ons  and s tandard d e v i a t i o n s  a r e  g iven  f o r  t h e  p o l l u -  

t a n t s  monitored. A l l  p o l l u t a n t s  were moni tored every  day i n  t h i s  res idence f o r  

t h e  hours  i n d i c a t e d .  The d a i l y  average a i  r exchange ra tes ,  windspeed, and tem- 

p e r a t u  r e  d i  f fe rence  are a1 so  g iven . Si  gni  f ican t  dai  l y  a c t  iv i t ies a re  a1 so 

i d e n t i f i e d .  



TABLE 1.3. Summary o f  Measurements i n  Residence #3 

Day/Oate 

Monday 11/14 

Tuesday 11/15 

Wednesday 1 1 /16 

Thursday 1 1/17 

Saturday 11/19 

Parameter 

Temperature D l f f e rence  
W i  ndspeed 
P a r t l c u l a t e  Matter 
Carbon Monoxide 
A i r  Exchange Rate 

Temperature D l f fe rence 
W indspeed 
P a r t l c u l a t e  Matter 
Carbon Monoxlde 
A l r  Exchange Rate 

Temperature D l f f e rence  
W i  ndspeed 
P a r t l c u l a t e  Matter  
Carbon Monoxide 
A i r  Exchange Rate 

Temperature D l f f e rence  
W indspeed 
P a r t l c u  l a t e  Matter 
Carbon Monoxl de 
A 1  r Exchange Rate 

Temperature D l f f e rence  
W l  ndspeed 
P a r t l c u l a t e  Matter 
Carbon Monoxlde 
A i r  Exchange Rate 

Carbon Monoxlde 

P a r t lcu la te  Matter  


A i r  Exchange Rate 

Ni t rogen Dloxlde ( l n s l d e  # I )  

Ni t rogen Dloxlde ( i n s l d e  #2 )  

Ni t rogen Dioxide (outside) 

Radon 

Formaldehyde ( Ins ide)  

Formaldehyde (outs ide) 


Average Values Notes /S lgn l f l cant  A c t i v l t l e s  

12.8'C Vacuum used 1 h 
6.6 m/s 
13 f 6 pg/m 
<1 PPm Kl tchen fan used 1 h 
0.69 ACH Clothes dryer  used 1 h 

12.Z0C 
6.7 m/s 
< l o  pg/m3 
<1 PPm Bath vent used 30 mln 
0.69 ACH 

13.3'C Windows open 3 h 
6.0 m/s 
< I  0 ug/m 
<1 PPm Bath vent used 1 h 
1.14 ACH Clothes dryer used 3 h 

15.6OC 
3.5 m/s 
< I 0  pg/m 3 Bath vent  used 2 h 
<1 ppm 
0.28 ACH 

14.4'C A c t l v l t y  record no t  completed 
2.8 m/s 
< I 0  pg/m 
<1 ppm 
0.31 ACH 

0.62 * 0.37,fCH 

~0.003 ppm 

~0.003 ppm;:; 

~0.002 PPm(b) 
1.42 pCl/qC) 
0.124 ppm 
0.005 ppm(') 
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APPENDIX C 

INDOOR A I R  OUALITY ANALYSIS 

This appendix i d e n t i f i e s  t he  methods used t o  compute p o l l u t a n t  l e v e l s  f o r  

f i v e  p o l l u t a n t s  and presents  i n f o rma t i on  on t h e  source and c h a r a c t e r  of a  num- 

be r  of p o l l u t a n t s  t h a t  cannot be q u a n t i f i e d .  For these f i v e  p o l l u t a n t s ,  i n f o r -

mat ion  i s  a v a i l a b l e  t o  a l l o w  computation o f  t h e  incrementa l  e f f e c t s  t h a t  r e s i -

dence design changes may have on t h e  annual average concen t ra t i on '  i n  r es i den -  

t i a l  a i r .  

C . l  APPROACH 

Indoor  a i r  p o l l u t a n t s  can be t r anspo r t ed  t o  o r  can be re leased  d i r e c t l y  

i n t o  t he  i ndoo r  env i  ronment f rom bu i  1  d i n g  m a t e r i a l s ,  o r  f rom occupants o r  t h e i  r 

a c t i v i t i e s .  Cons iderab le  i n f o r m a t i o n  i s  avai  l a b l e  about sources and emiss ion 

r a t e s  of such p o l l u t a n t s  as p a r t i c u l a t e s ,  carbon monoxide (CO), carbon d i o x i d e  

(Cop), n i t r o g e n  d i o x i d e  (NO2), radon and formaldehyde. For these s i x  po l  1  u t -  

ants ,  q u a n t i t a t i v e  eva lua t i ons  were made us i ng  a corr~puter model t o  compute 

po l  1  u t a n t  s teady-s ta te  concen t ra t ion  l e v e l s .  For .many o the r  po l  1  u t a n t s ,  quan-

t i t a t i v e  i n f o r m a t i o n  i s  no t  as complete, so t h e  incrementa l  change i n  p o l l u t i o n  

concen t ra t i ons  l e v e l s  a t t r i b u t a b l e  t o  b u i l d i n g  des ign changes were not  com-

puted. For these  p o l l u t a n t s ,  qua1 i t a t i v e  i n f o r m a t i o n  i s  p rov ided  i n  an e f f o r t  

t o  determine i f  des ign changes could  i n f l u e n c e  t h e  l e v e l  o f  these p o l l u t a n t s .  

C.1.1 Com~uted P o l l u t a n t  Levels  

Long-term average concen t ra t ions  o f  i ndoor  p o l l u t a n t s  were comp~lted f o r  

n i ne  case-study res idences.  The cornputati ons were made f o r  each r e s i  d e n t i  a1  

b u i l d i n g  be fo re  and a f t e r  t h e  proposed s tandard i s  appl ied.  To develop these 

computat ions bo th  res idence v e n t i l a t i o n  r a tes  and i ndoo r  p o l l u t a n t  source terms 

had t o  be i d e n t i f i e d .  Source-term emanation r a tes  were both i n t e r m i t t e n t  

(e.g., p a r t i c u l a t e s  and CO from smoking) and cont inuous (e.g., radon from s o i l  

and formaldehyde from b u i l d i n g  m a t e r i a l s ) .  A range o f  i ndoor  p o l l u t a n t  con-

cen t  r a t i  ons was computed f o r  each case-study residence: 1  ow, t y p i c a l  , and 



naximum. The computed va lues r e p r e s e n t  t h e  range o f  em iss ion  r a t e s  t h a t  a r e  

expec ted  f o r  each e v a l u a t e d  p o l l u t a n t ,  based on compu ta t i ona l  and a v a i l a b l e  

i n f o r m a t i o n  from t h e  l i t e r a t u r e .  

C.1.2 	 N o n a u a n t i f i e d  P o l l u t a n t s  

Hundreds o f  p o l l u t a n t s  have been i d e n t i f i e d  i n  r e s i d e n t i a l  i n d o o r  a i  r. 

The 1  i t e r a t u r e  was rev iewed f o r  qua l  i t a t i v e  i n f o r m a t i o n  on t h e s e  p o l l u t a n t s .  

O f  p a r t i c u l a r  i n t e r e s t  i s  t h e  raqge o f  chemica l  compound p o l l u t a n t s  found i n  

r e s i d e n t i a l  a i r  and t h e  source f o r  t h e s e  p o l l u t a n t s .  B u i l d i n g  m a t e r i a l s ,  f o r  

example, can be a  source o f  chemical  p o l l u t a n t s .  However, excep t  f o r  fo rmalde-

hyde, l i t t l e  q u a n t i t a t i v e  i n f o r m a t i o n  i s  a v a i l a b l e  on t h e s e  chemica ls .  Even 

l e s s  q u a n t i t a t i v e  i n f o r m a t i o n  i s  a v a i l a b l e  about  t h e  presence of microorgan isms 

i n  res idences .  The focus o f  t h e  l a t t e r  p a r t  o f  t h e  appendix i s ,  t h u s ,  focused 

on f a c t o r s  t h a t  i n f l u e n c e  t h e  presence o f  chemica ls  and t h e  growth  of m i c r o - 


organisms i n  t h e  r e s i d e n t i a l  env i ronment .  


C.2 	 QUANTIFYING POLLUTANT LEVELS 

The proposed des ign  s tandard  a l l o w s  a  g r e a t  many r e s i d e n t i a l  d e s i g n  p o s s i -  

b i l i t i e s .  To i n c o r p o r a t e  t h i s  range and t o  e s t a b l i s h  a reasonab le  scope f o r  

t h e  a n a l y s i s ,  n i n e  r e s i d e n t i a l  b u i l d i n g s  were chosen f o r  a n a l y s i s .  Each b u i l d -  

i n g  r e p r e s e n t s  a  ma jo r  ca tegory  o f  r e s i d e n t i a l  hous ing  f o r  b o t h  t h e  p u b l i c  and 

p r i v a t e  s e c t o r s .  I ndoor  a i r  p o l l u t a n t  l e v e l s  i n  t h e s e  n i n e  res idences  were 

q u a n t i f i e d  u s i n g  a  computer s i m u l a t i o n  o f  t h e  g e n e r a t i o n ,  b u i l d u p  and d i s s i p a -  

t i o n  of s i x  p o l l u t a n t s  i n  t h e s e  res idences .  

C.2.1 Computa t ion  Methods 

Fo r  comput ing  i n d o o r  p o l l u t a n t  c o n c e n t r a t i o n s ,  methods t h a t  met t h e  

requ i remen ts  f o r  t h i s  assessment were s e l e c t e d  (e.g., methods t h a t  p r o v i d e  r e a -

sonab le  and comparable es t ima tes  o f  i n d o o r  a i r  qua l  i t y  across  g e n e r i c a l l y  d i f -
f e r e n t  b u i  1  d i n g  c a t e g o r i e s  and between t h e  base1 ine and proposed s t a n d a r d  

d e s i g n s )  w i t h o u t  i n t r o d u c i n g  unnecessary compl ic a t i  ng  f a c t o r s .  The compu ta t i on  

methods d e s c r i b e d  below a r e  r e l a t i v e l y  s imp le ;  t h e y  a r e  based p r i m a r i l y  on t h e  

use o f  empi r ic a l  em iss ion  f a c t o r s  t h a t  were d e r i  ved f rom o b s e r v a t i o n s  o f  i n d o o r  

a i r  q u a l i t y  as d e s c r i b e d  i n  t h e  l i t e r a t u r e .  The use of t h e s e  f a c t o r s  and t h e  



r e p r e s e n t a t i v e  res idence c h a r a c t e r i s t i c s  and v e n t i l a t i o n  r a tes  p rov ides  a  con- 

s i  s t e n t  method f o r  assessing incrementa l  i ndoo r  a i  r qual  i t y  d i f f e r e n c e s .  

Al though t h e  computat ion methods . s e l e c t e d  a re  app rop r i a t e  f o r  i ndoo r  a i  r 

q u a l i t y  comparisons i n  t h i s  assessment, these  methods a re  no t  n e c e s s a r i l y  

s u f f i c i e n t  f o r  e v a l u a t i n g  spec ia l  a i r  qual  i t y  problems r e q u i r i n g  h i g h l y  

s o p h i s t i c a t e d  models. I n  those cases, more d e t a i l e d  methods may be needed if 

i n f o r m a t i o n  on bui  l d i n g  c h a r a c t e r i s t i c s ,  a i  r-hand1 ing equipment, emi ss ions ,  and 

ambient outdoor  concen t ra t ions  i s  ava i  l a b l e .  Exampl es o f  such models a re  des-

c r i  bed i n  documents by t h e  U.S. Envi ronmental P r o t e c t i o n  Agency (EPA) (1978) 

and t h e  E l e c t r i c  Power Research I n s t i t u t e  (1981, 1985). 

C.2.1.1 Method Used t o  Evaluate Continuous Sources 

Continuous sources o f  contaminants were computed by a  s imple s t eady -s ta te  

approach. Emanation r a t e s  f rom so i  1s and b u i l d i n g  m a t e r i a l s  f o r  contaminants  

such as radon and formaldehyde a re  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  Table  C . l  

l i s t s  p o l l u t a n t  source terms f o r  i ndoo r  a i r  concen t ra t i on  c a l c u l a t i o n s  t aken  

f r om t h e  l i t e r a t u r e .  These ra tes  a re  u s u a l l y  g iven  as mass emission per  t i m e  

from e i t h e r  a  su r f ace  area o r  a  mass o f  m a t e r i a l .  

Equat ions f o r  computing p o l l u t a n t  concen t ra t i ons  a t  steady s t a t e  t a k e  t h e  

f o l  1  owing general  form ( t y p i c a l  u n i t s  shown be1 ow i n  parentheses):  

Pol 1  u t a n t  Mass o f  Fresh A i r  

Concen t ra t ion  = Emanation x Emanating t Exchange t B u i l d i n g  


For  Each Source Rate Mate r i  a1 Rate Vol ume 


When l i t e r a t u r e  surveys i n d i c a t e d  a  range o f  values f o r  emanation r a tes ,  maxi -
mum va lues a re  used t o  determine "worst-case" s i t u a t i o n s .  



TABLE C.1. P o l l u t a n t  Source Terms f o r  I n d o o r  Ai  r C o n c e n t r a t i o n  Computa t ions  

P o l l u t a n t  

Respi r a b l e  
P a r t i c u l  a t e  
M a t t e r  

Carbon 
Monoxide 
(C0) 

Carhon 
n i o x i d e  
(C02) 

N i t r i c  
Oxide (NO) 

N i t r o g e n  
D i o x i d e  
(NO2) 

N i t r o g e n  
Oxides 
(as  NOZ) 

Formaldehyde 
!HCHO) 

Source 

Tobacco smoking 
Gas s tove 

Tobacco smoking 

Gas s tove 


Resp i ra t i on  

Tohacco smoking 
Gas s tove 

Gas s tove 

Outdoor 

Gas s tove 

Gas s tove 

Tobacco smoking 

Soi 1 

S o i l  

So i l  (under conc re te  s l a b )  
S o i l  (under conc re te  s l a b )  
Concrete 
B r i c k  
Wood 
Well water 
Surface water 

Carpet 

New h u i l d i n g  m a t e r i a l s  


P a r t i c l e  board 
Plywood 
Panel ing 
F i  berg1 ass i nsul a t i o n s  
C l o t h i n g  
Drapery 
Paper products  
Carpet 
Tobacco smoking 
Gas s tove 

Tohacco smnk inq  
Outdoor 

Emanation Rate  
o r  Concen t ra t i on  

10.8 m g l c i g a r e t t e  
0.01 t o  0.03 g l h r  

105 m g l c i g a r e t t e  
1.3 t o  3 g l h r  
0.2 t o  1.8 g l h r  
8.9 mglsec 

143 m g l c i g a r e t t e  
383 t o  400 g l h r  
483 t o  550 g l h r  

0.08 t o  0.13 g l h r  
0.07 t o  0.12 g l h r  

0.13 t o  0.27 g l h r  

0.065 m g l c i g a r e t t e  

1.0 mg lh - f t 2 

l o  g/h 


0.4-8.1 ~ g l g - d a y  
0.03-9.2 pg lg-day 
0.84-2.1 ~ g l g - d a y  
fl.3-2.3 ~ g l g - d a y  
O 4.9 pglg-day 
Nit:) -3.0 ~ g l g - d a y  
0. 3 0.36 pglg-day 
NDYaj -0.06 ug lg-day 
1 m g l c i g a r e t t e  
25 mglhr  
15 mglhr  

0.17 11g/5ig. 
0.1 ng/~n 

C m e n t s  

Average s idest ream 

Per burner  


Average s idest ream p l u s  mainstream 
Oven 
Per hurner  
Per person 

Average s idest ream p l u s  mainstream 
Oven 
Per bu rne r  

Oven 

Per burner 


1 -hr  maximum 

Annual a r i t h m e t i c  mean 


Oven 

Per burner  


Oven - c a l c u l a t e d  from NO and NO2 
da ta  

Per burner  - c a l c u l a t e d  from NO 
and NO2 da ta  

Mainstream and sidestream average 

Nonmineral i zed  reg ion  

M ine ra l i zed  l o c a l i t y  

Nonmineral ized reg ion  

Mineral  i zed  l o c a l i t y  

A11 areas o f  coun t r y  

Inc ludes red and adobe 

Mean--western wood 

Average nat ionwide concen t ra t i on  

Columbia R i ve r  and t r i b u t a r i e s  


Nominal emission r a t e  

Average 
Average-oven 
Average per  burner  

Average r csp i  r a b l e  p a r t i c u l  a t cs  
Average, r u r a l  areas - no cok ing 

areas 

References 

NRC 1981a 
Girman 1981 


NRC 1981a 

Girman 1981 

Co le  e t  a l .  19R3 


NRC 19Rla 
Girman 1981 

Gi m a n  1981 


Girman 1981 

Co le  e t  a l .  1983 


Girman 1981 

Co le  e t  a1 . 1983 


NRC 1981a 

Bruno 1981 

Bruno 1981 

Bruno 1981 

Bruno 1981 

Hol l o w e l l  1981 

Hol 1owe1 1 1981 

Hol lowel  1 1981 

U.S. EPA 1979 

So lda t  1961 


Miksch 1982 

Miksch 1982 


Gupta 19R2 

Gupta 1982 

Gupta 1982 

Gupta 1982 

Gupta 1982 

Guota 1982
. -~ 

Gupta 1982 

Gupta 1982 

NRC 1981a 
NRC 1981a 
NRC 1981a 
NRC 1981h 

NRC 19Rla 

Moschandreds 1981 


' 3 )  NO = not  de tec tab le .  



The r e l a t i o n s h i p  f o r  compu ta t i ng  c o n c e n t r a t i o n  f r o m  a  number of i n d o o r  


sources f o r  one p o l l u t a n t  i s :  


( E i  * Fl i )
C = C o + l  V * Ii = 1,s 

where 

C = l o n g - t e r m  average p o l l u t a n t  c o n c e n t r a t i o n  

Co = average annual  p o l l u t a n t  c o n c e n t r a t i o n  i n  o u t d o o r  f r e s h  

a i  r supp ly  

i = p o l l u t a n t  source m a t e r i a l  

E = emanat ion r a t e  f o r  p o l l u t a n t  source m a t e r i a l ,  i 

M = mass o f  emanat ing m a t e r i a l s  

S = number o f  sources o f  t h e  p o l l u t a n t  i n  t h e  b u i l d i n g  

V = volume o f  b u i l d i n g  

I = t h e  f r e s h  a i r  exchange r a t e  f o r  t h e  p o l l u t a n t .  

C, i s  t h e  ou tdoor  c o n c e n t r a t i o n  reduced by any a i r  c l e a n i n g  equipment on t h e  

i n t a k e  a i r .  The f r e s h  a i r  exchange r a t e  i s  computed f o r  each p o l l u t a n t  u s i n g  

where 

T = t h e  volume o f  o u t d o o r  a i r  s u p p l i e d  p e r  u n i t  t i m e  w i t h i n  

t h e  b u i  1  d i n g  

R = r e c i r c u l a t i o n  f l o w  

f = average relnoval e f f i c i e n c y  f o r  f i l t r a t i o n  on r e c i  r c u l a t i n g  a i  r 

V = volume o f  b u i l d i n g .  

U s i n g  t h e  exp ress ions  g i v e n  above, p o l  l u t a n t  c o n c e n t r a t i o n s  were con~puted 

f o r  b o t h  t h e  b a s e l i n e  and proposed s t a n d a r d  cases. The inc remen t  of change i n  

p o l l u t a n t  c o n c e n t r a t i o n s  between t h e s e  two  cases rep resen ts  t h e  e s t i m a t e d  

e f f e c t  r e s u l t i n g  f rom t h e  use o f  t h e  proposed s tandard .  



C.2.1.2 	 Method Used t o  Compute P a r t i c u l a t e  Mat te r ,  Carbon D iox ide ,  Carbon 


Monoxide, and N i t rogen  D iox ide  Concent r a t  ions 


To es t imate  c o n t r i b u t i o n s  of t h e  p a r t i c u l a t e  mat te r ,  C02, CO and NO2 com- 

b u s t i  on po l  1  u t a n t s  f rom combusti on sources, t h e  f o l l  owing equa t ion  i s  used: 

(E * tl)
Average Dai l y  Concent r a t  ion = (C.4) 

2 4 h r * I * V  + Co 

where 

E = t h e  constant  source term emission r a t e  (e.g., mg/hr) 

t = t h e  d u r a t i o n  o f  t h a t  source t e rm  ( h r )  

I = t h e  a i r - i n f i l t r a t i o n  r a t e  ( t o t a l  a i r  changes/hr) 

V = t h e  b u i l d i n g  volume i n  m3 

Co = ambient c o n c e n t r a t i  on i n  supply a i  r. 

The ambient (background) concen t ra t i on  i n  t h e  supply a i r  was assumed as f o o t -

no ted  i n  Tables 3.7 th rough  3.12. The f r a c t i o n  o f  a i r  p o l l u t a n t s  i n t r oduced  

i n t o  t h e  res idence may vary .  The computed p o l l u t a n t  l e v e l  should  be ad jus ted  

upward f o r  residences l oca ted  i n  areas where s i g n i f i c a n t  concent r a t i o n s  of a 

po l  l u t a n t  above those  assumed f o r  ambient c o n d i t i o n s  wi 11 be in f i l t r a t i n g  t h e  

residence. 

C.2.1.3 	 Method Used t o  Corr~pute Radon Concent ra t ions 

Indoor  radon concen t ra t ions  are computed u s i n g  

where 

C = radon concen t ra t ion ,  p C i / t  

S = s o i l  	emiss ion ra te ,  pC i /h r  

B = b u i l d i n g  emission ra te ,  pC i / h r  

W = water  emiss ion ra te ,  pCi / h r  

V = b u i l d i n g  volume ( i )  

I = i n f i l t r a t i o n  r a t e  o f  ou t s i de  a i r ,  t o t a l  changes per  hour 

Co = ambient outdoor  radon concent r a t i  on, pCi/i. 



Radon emiss ion r a t e s  i n  Table C . l  a re  used as t y p i c a l  values. To compute 

concent r a t i o n  l e v e l s ,  b u i l d i n g  c h a r a c t e r i s t i c s ,  water  use, and s o i  1 emiss ion  

r a t e s  must be considered. The radon 's  emiss ion r a t e  f rom s o i l  i n t o  a b u i l d i n g  

depends p r i m a r i l y  on t h e  c h a r a c t e r i s t i c s  o f  t h e  founda t ion .  Table C . l  shows an 

order-o f -magni tude drop i n  t h e  s o i l  emanation r a t e  i n t o  t h e  b u i l d i n g  when t h e  

s o i l  i s  covered by concrete .  Depressur i z ing  t h e  s o i l  under t h e  res idence  and 

v e n t i n g  radon d i r e c t l y  t o  t h e  outdoor environment w i l l  a l s o  reduce t h e  amount 

of radon e n t e r i n g  t h e  residence. The general  fo rmu la  f o r  computing s o i l  emis- 

s i o n  r a t e s  i n t o  a res idence i s :  

S = F * R * G * 3 6 0 0  ( c - 6 )  

where 

S = radon emiss ion ra te ,  pC i /h r  

F = f r a c t i o n a l  a i  r exchange between founda t ion  and r e s i  dence(a ) 

R = radon emanation ra te ,  pCi/m 2-s (see Table C . l )  

G = res idence  base area, m2. 
B u i l d i n g  m a t e r i a l  emission ra tes  were computed based on f l u x - p e r - u n i t  mass 

of m a t e r i a l  i n  t h e  wa l l s ,  f l o o r s ,  and c e i l i n g .  'The general  formula i s :  

where 

t h e  s u b s c r i p t s  f, w, and c r e f e r  t o  t h e  t o t a l  f l o o r ,  w a l l s  and c e i l i n g  

areas, r e s p e c t i v e l y  

p = d e n s i t i e s  o f  b u i l d i n g  m a t e r i a l  

a = emiss ion sur face  area 

t = e f f e c t i v e  th i ckness  o f  b u i l d i n g  m a t e r i a l  (1 /2  ac tua l  va lue f o r  e x t e -

r i o r  w a l l s )  

( a )  	 F i s  u n i t y  (one) f o r  residences b u i l t  s lab-on-grade and w i t h  unvented 
crawl  spaces. For residences w i t h  basement o r  vented crawl  spaces, F i s  
l e s s  than  1. A l l  residences except mobi le  homes were assumed t o  be b u i l t  
as slab-on-grade; mob i le  homes were assumed t o  have a v e n t i l a t e d  c raw l  
space. 



e = emanat ion r a t e  

n = number o f  f l o o r s .  

We1 1  w a t e r  i s  t h e  source of a lmost  a1 1  of t h e  w a t e r - d e r i v e d  radon. Radon 

l e v e l s  a r e  ve ry  l ow  i n  s u r f a c e  water ,  and t h e  radon t h a t  i s  r e l e a s e d  f rom t h i s  

sou rce  i s  usua l  l y  smal l  compared w i t h  t h a t  f r o m  s o i  1. Emanation va lues  g i  ven 

i n  Tab le  C . l  a r e  o n l y  gu ides f o r  cor r~put ing  r e l a t i v e  changes i n  i n d o o r  concen-

t r a t i o n  l e v e l s .  I n  a c t u a l  measurements, t h e  radon c o n t e n t  of w e l l  water ,  f o r  

example, may range ove r  many o r d e r s  of magni tude.  Thus, t h e  r e l e a s e  r a t e s  o f  

radon f r o m  w e l l  wa te r  must be measured a t  t h e  s i t e  t o  p r o v i d e  reasonab ly  accu-

r a t e  e s t i m a t e s .  The f o r m u l a  used f o r  s t e a d y - s t a t e  radon emiss ion  r a t e  i s :  

where 

R = a  c o n s t a n t  (=0.6) 

U = t h e  w a t e r  use p e r  hou r  i n  t h e  b u i l d i n g  

E = radon c o n t e n t  o f  wa te r  ( p C i l ~ )  ( T a b l e  C . l ) .  

Tab le  C.2 c o n t a i n s  t y p i c a l  water -use va lues f o r  c e r t a i n  a c t i v i t i e s .  The use 

v a l u e s  may t h e n  be combined w i t h  t h e  occl lpancy r a t e  t o  o b t a i n  e s t i m a t e s  o f  U. 

Fo r  s p e c i f i c  b u i l d i n g s ,  t h e  usage p e r  f i x t u r e  may be used as an a l t e r n a t i v e  

compu ta t i on  approach. 

TABLE C.2. Water-Use F i x t u r e  Rates i n  Residences (Golden e t  a1 . 1980) 

Water-Use A c t i v i t y  F i x t u r e  Rate  

Water-Use Per F i x t u r e  

F i  11 1  a v a t o r y  2 g a l l u s e  

F i  11 b a t h t u b  30 g a l  /use 

Shower lbath  30-60 g a l l u s e  

F l u s h  t o i l e t  6 g a l l u s e  

Dishwasher 3  g a l l l o a d  

Automat ic  l a u n d r y  machine 30-50 g a l  / l o a d  



B u i l d i n g  volume i s  computed us i ng  t h e  phys i ca l  dimensions of t h e  


bu i  l d i  ng 's  usab le  area. Ambient radon concen t ra t i ons  o f  0.25 pCi /k were 


used. To es t ima te  indoor  radon concen t ra t i on  values, t h e  concent r a t i o n s  from 


each source a re  computed and added t o  an assumed background value. 


C. 2.1.4 Method Used t o  Compute Indoor  Formaldehyde Concent r a t  i o n s  

Cont inuous sources o f  formaldehyde were t r e a t e d  w i t h  a s imple s t eady -s ta te  

approach. Using t h e  emanation r a t e s  presented i n  Table C .l,i n d o o r  formal  de- 

hyde concen t ra t i ons  may be es t imated  f o r  t h e  va r ious  sources w i t h  t h e  equa t i on :  

where 

C = formaldehyde concent r a t i o n ,  ug/m3 

Fi = emiss ion f a c t o r s  f o r  n groups o f  b u i l d i n g  and f u r n i s h i n g s ,  pg l kg -h r  

Mi = mass of b u i l d i n g  m a t e r i a l  f o r  i t h  source, kg 

W = w a l l  and c e i  1 i n g  i n s u l a t i o n  emiss ion r a t e ,  pg/mL-hr 

A = t o t a l  w a l l  and c e i l i n g  area, m2 

E = t h e  sum o f  formaldehyde emiss ion from smoking and gas s toves ,  

V = t h e  volume o f  t h e  residence, m3 

I= t h e  i n f i l t r a t i o n  r a t e  o f  o u t s i d e  a i r ,  t o t a l  changes p e r  hour  

Co = ambient outdoor formaldehyde concen t ra t ions  , pg/m 3 . 
Formaldehyde ernissi ons f rom t h e  area o f  ca rpe t  s p e c i f i e d  f o r  t he  r e p r e s e n t a t i v e  

b u i l d i n g s  were used t o  es t imate  one p o r t i o n  o f  t h e  indoor  formaldehyde concen-

t r a t i o n .  

The amount g f  formaldehyde re leased  f rom i n s u l a t i o n  i s  h i g h l y  va r i ab l e .  

Al though ureaforrnal  dehyde foam i n s u l a t i o n  (LIFFI) i s  general  l y  n o t  used i n  new 

r e s i  dent ia1 b u i  1 d i  ngs , formaldehyde and organi  c emi s s i  ons f rom o t h e r  t ypes  o f  

i n s u l a t i o n  and b u i l d i n g  m a t e r i a l s  t h a t  a r e  c u r r e n t l y  used have been documented 

(Gupta, l l lsamer and Preuss 1982; Molhave 1982). New b u i l d i n g  m a t e r i a l s  have a 



h i g h e r  t o t a l  o rgan ics  emission r a t e  because o f  t h e  ag ing  e f f e c t  on these  


p o l  1  u t a n t s  ' re1  ease r a t e s  (Mi ksch, Hol 1  owe1 1  and Schmi d t  1982). 


The f o l l o w i n g  r e l a t i o n s h i p  p rov ides  a  t y p i c a l  emission r a t e  f rom t h e  


i n s u l a t i o n :  


(C. 10)  

where W = t y p i c a l  emiss ion r a t e  f rom i n s u l a t i o n  

Sw = t h e  emiss ion r a t e  pe r  area o f  w a l l  

A = t h e  t o t a l  i n s u l a t i o n  w a l l  area computed f rom t h e  dimensions 

o f  t h e  bu i l d i ngs .  

U n l i k e  t h e  f i r s t  two s teady-s ta te  ca tegor ies  above ( b u i l d i n g  mate r i  a1 s  and 

UFFI ), t h e  f o l l  owing s teady -s ta te  r e l a t i  onsh ip  was de r i ved  f rom i n t e r m i t t e n t  

re leases  of formaldehyde f rom combustion: 

where 	 Ei = s t eady -s ta te  re1 a t i  onsh ip  f o r  formaldehyde 

C s  = t h e  computed a i r  concen t ra t i ons  f rom smoking 

C = t h e  computed a i r  concen t ra t i ons  f rom an unvented gas s tove  f o r  a
9 

s p e c i f i c  b u i l d i n g  a t  t h e  base l i ne  a i r  exchange r a t e  o f  I, 

I, = t h e  base1 i n e  a i r  exchange r a t e .  

As d iscussed above, ambient formaldehyde concen t ra t ions  a re  very  smal l  , 
and Co was se t  equal t o  zero. A f t e r  each emiss ion r a t e  has been determined, 

formaldehyde concen t ra t ions  f o r  d i f f e r e n t  a i r  exchange ra tes  may be computed. 

C.2.2 	 B u i l d i n g  C h a r a c t e r i s t i c s  and Assumptions 

I n f o r m a t i o n  on r e c e n t l y  cons t ruc ted  m i l  i t a r y  housing was examined t o  

determine t h e  c u r r e n t  c o n s t r u c t i o n  p r a c t i c e s  f o r  m i  1  i t a r y  housing. From t h i s  

assessment, n i ne  types o f  res idences were se lec ted  f o r  case-study ana l ys i s .  

These t y p i c a l  res idences a re  d e s c r i  bed i n  Appendix A.  B l u e p r i n t s  and cons t  r u c -  

t i on s p e c i f i c a t i o n s  were used t o  c h a r a c t e r i z e  t h e  energy e f f i c i e n c y  o f  t h e  as-

b u i l t  res idences (base1ine).  The p lans  and c o n s t r u c t i o n  s p e c i f i c a t i o n s  were 



t h e n  m o d i f i e d  t o  meet b u i l d i n g  p r a c t i c e s  as proposed under t h e  new proposed 

energy s tandard  f o r  each s t r u c t u r e  l o c a t e d  a t  f o u r  d i f f e r e n t  s i t e s :  New 

Or leans,  LA; Barstow, CA; Washington, D.C.; and Sher idan,  WY. These s i t e s  

r e p r e s e n t  d i s t i n g u i s h a b l e  t ypes  o f  c l i m a t e s  f o r  m i l i t a r y  hous ing.  The con- 

s t r u c t i o n  s p e c i f i c a t i o n s  f o r  each l o c a t i o n  were t h e n  t a i l o r e d  t o  meet t h e  

proposed s tandard.  These r e v i s e d  cons t  r u c t i  on s p e c i f i c a t i o n s  became t h e  b a s i s  

f o r  c h a r a c t e r i z i n g  e n e r g y - e f f i c i e n t  m i l i t a r y  housing. 

The f l o o r  p l a n s  f o r  t h e  res idences des igned a c c o r d i n g  t o  t h e  base1 ine and 

proposed s tandard  a r e  e s s e n t i a l l y  t h e  same. The l a y o u t  o f  rooms and t h e  space 

c o n t a i n e d  i n  each res idence  do n o t  change. The p r i n c i p a l  d i f f e r e n c e  between 

t h e  res idences  des igned accord ing  t o  t h e  b a s e l i n e  and proposed s tandard  i s  t h e  

t i g h t n e s s  of t h e  enve lope and t h e  l o c a t i o n  and amount o f  i n s u l a t i o n  p l a c e d  i n  

t h e  b u i  1  d i  ngs ' envelopes.  

U s i n g  t h e  da ta  d e r i v e d  f rom t h e  l i t e r a t u r e  (shown i n  Tab le  C. l ) ,  minimum 

(m in ) ,  t y p i c a l ,  and maximum (max) emiss ion  r a t e s  f o r  t h e  v a r i o u s  p o l l u t a n t  

sources were assumed. Tab le  C.3 summarizes t h e  emiss ion r a t e s  used i n  t h e  

s i m u l a t i o n  a n a l y s i s  o f  i n d o o r  p o l l u t a n t  c o n c e n t r a t i o n s .  The radon computa t ion  

assumed t h e  f o l l o w i n g  b u i  l d i n g  mate r i  a1 d e n s i t i e s :  conc re te  d e n s i t y ,  

143 -1 b / f t 3  (2304 kg/m3) (Eschbach 1956); wood d e n s i t y ,  27 l b / f t 3  (435 kg/m3);  

and b r i c k  d e n s i t y  94 l b / f t 3  (1520 kg/m3) (Lang 1956). A gas s tove  w i t h  an oven 

was i n c l u d e d  i n  t h e  gas heated r e s i d e n t i a l  u n i t s .  The s toves  were assumed t o  

opera te  severa l  hours p e r  day and no c r e d i t  was g i v e n  f o r  p o s s l b l e  e x t e r n a l  

ven t ing .  The source terms f o r  p o l l u t a n t s  r e s u l t i n g  f rom c i g a r e t t e  smoking a r e  

based on t h e  number o f  smokers. 

C.2.2.1 Fresh A i r  V e n t i l a t i o n  

The exchange o f  o u t s i d e  a i  r and i n d o o r  a i r  i s  measured i n  a i r  changes p e r  

hour  ( A C H ) .  The p r i n c - i p a l  means o f  exchanging i n d o o r  and ou tdoor  a i r  i s  

th rough  a i r  i n f i l t r a t i n g  t h e  envelope o f  t h e  res idence.  The p r i n c i p a l  d e t e r -

minants  o f  a  b u i l d i n g ' s  ACH i s  t h e  amount o f  c racks  and o t h e r  open ings i n  a  

b u i l d i n g ' s  envelope,  t h e  temperature  d i  f f e r e n t i  a1 between i n d o o r  and ou tdoor  

a i  r, and wind speed. Under s p e c i a l  c o n d i t i o n s  o f  very  l ow  n a t u r a l  i n f i l t r a t i o n  

r a t e s ,  a i  r - t o - a i  r hea t  exchangers can be i n c o r p o r a t e d  i n  t h e  d e s i g n  o f  r e s i d e n -  

t i a l  s t r u c t u r e s  t o  i n c r e a s e  t h e  b u i l d i n g ' s  ACH. 



TABLE C.3. Summary o f  P o l l u t a n t  Emission Values Used i n  Computing 
Indoor  A i  r Qua1ity  

Pol l u t a n t  

Radon 

Radon 

Radon 

Radon 

Radon 

Radon 

P a r t i c u l a t e  

P a r t i c u l a t e  

Formal dehyde 

Formaldehyde 

Formal dehyde 

Formaldehyde 

Formal dehyde 

Formal dehyde 

Formal dehyde 

C0 

C0 

Basel ine.  

Source 

Concrete 

Red b r i c k  

Adobe b r i c k  

D r i n k i n g  water 

Wood 

Mix  s o i l  

Tobacco sm 

Gas s tove  

Tobacco sm 

Gas oven 

Gas s tove  

Plywood 

P a r t i c l e b o a r d  

M i n. Typi  c a l  Max. U n i t s  

0.4 0.7 

0.1 0.1 

0.35 

10 

0.02 

0.1 

10.8 

10 

1 

2 5 

15 

0.03 

0.4 

0.3 

0 

86 

1.2 pCi /kg-hr 

mg/ci  g a r e t t e  

mg/burner-hr 

mg/ci g a r e t t e  

mg/oven-hr 

mg/burner-hr 

ug/g-day 

ug/g-day 

vg/g-day 

ug/g-day 

rng/ci g a r e t t e  

mg/oven-hr 

mg/burner-hr 

mg/ci g a r e t t e  

mg/oven-hr 

a l l  n i ne  types of base-

F i  berg1 ass 

Carpet 

Tobacco sm 

Gas oven 

Gas s tove 

Tobacco sm 

Gas oven 

Gas s tove  

Respi r a t i o n  

Gas oven 

Gas s tove 

Tobacco sm 

1,300 

200 

80 

383,000 

483,000 

8.91 

80 

70 

0.065 

~ n a l ~ s i so f  cu r ren t  design p r a c t i c e  f o r  

l i n e  res idences i n d i c a t e s  t h a t  a 0.7 ACH i s  a normal annual average f o r  occu-

p i e d  residences. Under cu r ren t  design p r a c t i c e s  f o r  t h e  b a s e l i  ne res idences,  

a i  r - t o - a i  r heat  exchangers a re  n o t  r equ i  red. 



Proposed Standard. The proposed s tandard would inc rease  t h e  n a t u r a l  

i n f i l t r a t i o n  r a t e  f o r  some r e s i d e n t i a l  u n i t s  i n  some l o c a t i o n s  and would 

r e q u i r e  t h e  use o f  a i r - t o - a i r  heat exchangers t o  meet t h e  0.7 ACH i n  o t h e r  

u n i t s  and l o c a t i o n s .  Table C.4 shows t h e  inc rementa l  change i n  t h e  r e s i d e n t i a l  

s t r u c t u r e s  a i r  exchange r a t e  and whether an a i r - t o - a i r  heat exchanger i s  used. 

Expected A i r  Exchange Rate. The c o r r e l a t i o n  o f  r e s i d e n t i a l  i n f i  l t r a t i o n  

a i  r exchange ra tes  w i t h  cons t ruc t  i o n  techniques and c l i m a t e  parameters i s  not  

we1 1  es tab l i shed .  Typ ica l  models o f  a i r  i n f i l t r a t i o n  recognize t h r e e  mechan- 

isms as d r i v i n g  a i  r i n f i l t r a t i o n :  1 )  temperature d i f f e r e n c e s  between i ndoo rs  

and outdoors  cause a  pressure d i  f f e r e n t i  a1 because o f  buoyancy e f f e c t s ;  2)  w ind  

a l s o  c rea tes  a  p ressure  d i f f e r e n t i a l  across t h e  b u i l d i n g  envelope; and 3) occu-

pant  behav io r  such as opening o f  doors f o r  i n g r e s s  and egress a l s o  c o n t r i b u t e s  

t o  i n f i  1  t r a t i o n .  The two d r i v i n g  fo rces  re1 a ted  t o  induced-pressure d i  f fe ren-  

t i a l s  should  i n  t heo ry  , resu l t  i n  i n f i l t r a t i o n  r a t e s  t h a t  a r e  p r o p o r t i o n a l  t o  

t h e  leakage area i n  t h e  b u i l d i n g  envelope. Leakage areas a re  d i f f i c u l t  t o  mea- 

su re  d i  r e c t l y  and a re  t y p i c a l  l y  i n f e r r e d  f r om p r e s s u r i z a t i o n  t e s t s .  

Resu l t s  f rom t h r e e  l a r g e  surveys o f  r e s i d e n t i  a1 i n f i l t r a t i o n  r a t e s  have 

been pub l i shed .  A paper by Grot and C la rk  (1979) presents  b lower  door and 

t r a c e r  gas t e s t s  f o r  266 low-income hous ing u n i t s  w i t h  ages ranging from new t o  

100 years  o l d .  The mean i n f i l t r a t i o n  r a t e  f o r  t h e  homes was 1.12 ACH. The 

average i n f i l t r a t i o n  r a t e s  f o r  t h e  surveyed homes i n  va r ious  l o c a t i o n s  do no t  

e x h i b i t  any l o g i c a l  r e l a t i o n  t o  t h e  c l i m a t i c  d r i v i n g  fo rces .  I n  many cases t h e  

average ra tes  i n  m i l de r ,  l e ss  windy c l ima tes  are h i ghe r  than  those i n  c o l d e r ,  

w i n d i e r  c l ima tes .  

A s tudy by Grimsrud, Sherman and Sondregger (1982) summarized annual 

i n f i l t r a t i o n  r a t e s  f o r  over  300 houses w i t h  pub l i shed  da ta  i n  t h e  l i t e r a t u r e .  

Th is  sample i s  b iased towards r e c e n t l y  const ructed,  energy -e f f  i c i e n t  hornes . A 

mean i n f i l t r a t i o n  r a t e  o f  0.63 ACH and a  medium r a t e  o f  0.50 ACH were found f o r  

t h e  sample. Again, average i n f i l t r a t i o n  r a t e s  do no t  e x h i b i t  a  c l e a r  r e l a t i o n  

t o  t h e  c l i m a t i c  d r i v i n g  f a c t o r s .  



TABLE C.4. 	 Incremental  Change i n  Res iden t i a l  A i r  Exchange Rate 
(ACH d i f f e r e n c e  between base1 ine and proposed s tandard)  

~ o n f~ ~ u r a t i o n ( ~ )  New Orleans, LA Barstow, CA Washington, D.C. Sheridan, WY 

SFR- 1S 

Natural  Gas 

E l e c t r  l c  Furnace 

El e c t r  lc Heat Pump 


Natural  Gas 

E l e c t r  i c  Furnace 

El e c t r  ic Heat Pump 


Natural  Gas 

E l e c t r i c  Furnace 

El e c t r  Ic Heat Pump 


Natural  Gas 

El e c t r  i c  Furnace 

E l e c t r  l c  Heat Pump 


Natural  Gas 

E l e c t r  i c  Furnace 

El e c t r  lc Heat Pump 


Natural  Gas 

El e c t r  l c  Furnace 

El e c t r  ic Heat Pump 


Natural  Gas 

El e c t r  i c  Furnace 

E l e c t r i c  Heat Pump 


Natural  Gas 

E lec t r  l c  Furnace 

El e c t r  Ic. Heat Pump 


Mobile Home-MS 

Natural  Gas 

E l e c t r  l c  Furnace 

El e c t r  lc Heat Pump 


(a )  	 SFR-IS = s ing le- faml l  y  residence, 1 story;  SFR-2s = s ingle- faml l  y  residence, 2 story;  MU = 
middle un l t ;  EU = end un l t ;  MU-U = middle un i t ,  upstai rs;  MU-D = middle un i t ,  downstairs; EU-U 
= end un l t ,  ups ta i rs ;  EU-D = end un i t ,  downstairs; MS = mul t isect lon.  

(b )  	 An a i r - t e a l r  heat exchanger I s  used t o  assure a  0.7 ACH. 



Recent ly ,  Doyle e t  a1 . (1983) surveyed 58 houses i n  4 c i t i e s  and found 


i n f i l t r a t i o n  r a t e s  v a r y i n g  f rom 0.5 t o  1.0 ACH. The mean r a t e  f o r  t h e  l o c a -  


t i o n s  was 0.71 ACH. Average i n f i l t r a t i o n  r a t e s  f o r  each c i t y  again  d i d  no t  


show a  r e l a t i o n s h i p  t o  c l ima te .  


ASHRAE (1985) recommends adding an i n f i l t r a t i o n  r a t e  o f  0.10 t o  0.15 ACH 

t o  t h e  r a t e s  pub l i shed  i n  Grot and Clark  (1979) and Grimsrud, Sherman and 

Sondregger (1982) t o  account f o r  occupant behav ior  when e s t i m a t i n g  i n f i  1  t r a t i o n  

ove r  a  l a r g e  number o f  homes. The l a c k  o f  a  c l e a r  r e l a t i o n s h i p  between c l i -  

m a t i c  d r i v i n g  f o r ces  and average i n f i l t r a t i o n  r a t e s  may be p a r t i a l  l y  exp la i ned  

by b u i l d e r s  pay ing  c l o s e r  a t t e n t i o n  t o  cau lk ing ,  sea l i ng ,  and vapor b a r r i e r  

d e t a i l i n g  i n  more severe c l imates .  Adding t o  t h e  u n c e r t a i n t y  i s  t h e  major  va r -

ia b l e  o f  occupant behav ior .  

Because m i 1  i t a r y  r e s i d e n t i a l  c o n s t r u c t i o n  tends t o  be r e l a t i v e l y  energy- 

e f f i c i e n t  and w e l l  cons t ruc ted ,  i t  i s  reasonable t o  assume t h a t  t h e  i n f i l t r a -  

t i o n  r a t e s  found by Grimsrud, Sherman and Sondregger (1982) would apply.  

Adding t h e  range o f  occupancy- in f luenced a i r  exchange r a t e  (0.10 t o  0.15 ACH) 

t o  t h e  median and mean r a t e s  r e s u l t s  i n  a  range o f  t o t a l  i n f i l t r a t i o n  r a t e s  of 

0.60 t o  0.78 ACH. An i n t e rmed ia te  va lue  o f  0.7 ACH was assumed t o  r ep resen t  

c u r r e n t  p r a c t i c e  f o r  t h i s  study. I n s u f f i c i e n t  da ta  e x i s t  t o  determine whether 

s i g n i f i c a n t  d i f f e r e n c e s  i n  i n f i l t r a t i o n  r a t e s  e x i s t  f o r  manufactured and m u l t i -  

f am i l y  hous ing types compared t o  s i n g l e - f a m i l y  residences, so t h i s  r a t e  was 

assumed t o  apply  t o  a l l  case-study residences. 

The proposed s tandard cons iders  two a l t e r n a t e  a i  r i n f i l t r a t i o n  r a tes .  The 

h i g h e r  r a t e  o f  1.0 ACH r e s u l t s  f rom app l y i ng  on ly  a l i m i t e d  se t  of i n f i l t r a t i o n  

reduc ing  measures. Th is  r e l a t i v e  change i n  in f i  1  t r a t i o n  r a t e  i s  es t imated  from 

t h e  r e l a t i v e  i nc rease  i n  es t imated  leakage area. S i m i l a r l y ,  a lower  r a t e  o f  

0.3 ACH r e s u l t i n g  f rom very t i g h t  c o n s t r u c t i o n  p r a c t i c e s  i s  es t imated  frorn t h e  

decrease i n  leakage area due t o  t h e  measures. I n  very  t i g h t  c o n s t r u c t i o n ,  t h e  

s tandard r e q u i r e s  t h e  use o f  an a i r - t o - a i r  heat exchanger t o  p rov i de  ano ther  

0.4 ACH o f  v e n t i l a t i o n  a i r ,  w h i l e  r ecove r i ng  75% o f  t h e  heat  f rom t h e  exhaust  

a i  r stream. Thus, t h e  o v e r a l l  a i  r exchange r a t e  i s  mainta ined a t  0.7 ACHY 

w h i l e  heat  losses  a re  reduced t o  a  l e v e l  cor responding t o  0.4 ACH. 



B u i l d i n g  Mate r i  a1 s  

The genera l  c h a r a c t e r i s t i c s  o f  each o f  t h e  n i ne  residences a re  d iscussed 

i n  Appendix A .  The e i g h t  s i t e - b u i l t  res idences a re  a l l  cons t ruc ted  s lab-on-  

grade w i t h  wood frame w a l l s  and t r ussed  system roo f s .  B u i l d i n g  m a t e r i a l s  used 

i n  t h e  r e p r e s e n t a t i v e  res idences f o r  t h e  e i g h t  s i  t e -bu i  l t  res idences a r e  shown 

i n  Table C.5. 

Basel ine.  For t h e  b u i l d i n g  m a t e r i a l s  l i s t e d  i n  Table C.5, t h e  amount of 

m a t e r i a l  used f o r  a s p e c i f i c  category  o f  res idence (e.g., s i ng l e - f am i  l y  r e s i  -
dence, one s t o r y )  w i l l  be t h e  same regard less  o f  t h e  l o c a t i o n  of t h e  r e s i -  

dence. The p r i n c i p a l  b u i l d i n g  m a t e r i a l  changes o c c u r r i n g  i n  t h e  base1 ine 

res idences r e s u l t  f rom m o d i f i c a t i o n s  i n  res idence envelope t o  meet d i f f e r e n t  

c l i m a t e  c o n d i t i o n s .  The p r imary  envelope change i s  t h e  a d d i t i o n  of envelope 

i n s u l a t i o n .  For example, w a l l  i n s u l a t i o n  i s  inc reased  from 3 1/2" f i berg1 ass 

b a t t  i n  New Orleans and Barstow t o  5  1/2" f i b e r g l a s s  b a t t  i n  Washington, D.C. 

and Sher idan; Table  C.6 shows b u i l d i n g  i n s u l a t i o n  f o r  t h e  n ine  c o n f i g u r a t i o n s  

f o r  t h e  base l ine .  ( M o d i f i c a t i o n s  t o  envelope i n s u l a t i o n  th i cknesses  a re  a l s o  

t h e  p r i n c i p a l  change t h a t  occurs as t h e  base l i ne  residences a re  redesigned t o  

meet t h e  proposed standard.)  Table C.6 a l s o  shows t h e  area i n s u l a t e d  f o r  each 

t y p e  of res idence,  t h e  t y p e  o f  i n s u l a t i o n  used and i t s  th i ckness .  Note t h a t  

TABLE C.5 B u i l d i n g  M a t e r i a l s  

Location Ma te r i  a l s  

F i  r s t  F l  oo r  S l  ab-on-grade 

Second F l o o r  5/8" CDX plywood covered w i t h  1 1 /2 "  1  i gh t -we igh t  concre te  

F l o o r  F i n i s h  F i r s t  f l o o r  - v i n y l  f l o o r  t i l e s  
Second f l o o r  - carpe t  

o r  sheet v i n y l  

E x t e r i o r  Wall s 50% B r i c k  veneer 
50% Wood s i d i n g  over 1/2" plywood 

Roof Wood-t russed system 
Sheathing, 1/2" plywood 

I n t e r i o r  Wall s  5/8" Gypsum board 

Windows 40% Drapes 
60% B l i n d s  

Cabinets  Hardwood f o r  exposed sur faces  
P a r t i c l e  board f o r  d i v i d e r s ,  she1 ves and coun te r top  bases 



TABLE C.6 Bui 1d i n g  I n s u l a t i o n  (Base1ine)  

Area I n s u l a t e d  ( f t 2 )  
Outside 

~ o n fig u r a t i o n ( a )  Wall P a r t i t i o n  C e i l i n g  F l o o r  Per imeter  

SFR-1s 1233 -0- 1583 -0- 43 
SFR-2s 1516 -0- 882 -0- 129 
TH-MU 935 7 14 6 12 -0- 72 
TH-EU 1181 476 612 -0- 97 
APT-MU-U 6 22 277 951 -0- -0-
APT-MU-D 622 27 7 -0- -0- 124 
APT-EU-U 788 111 951 -0- -0-
APT-EU-D 788 11 1 -0- -0- 149 
MH-MS 952 -0- 1185 1333 -0-

I n s u l a t i o n  Data 
Location/ New 

I n s u l a t i o n  Orleans, LA Barstow, CA Washington, D.C. Sheridan, WY 

Wall 
Type F ibe rg l ass  ( b )  F i  berg1 ass F i  berg1 ass F i  berg1 ass ' 

Thickness 3 1/2" 3 1/2" 5 1/2" 	 5 1/2" 

P a r t i t i o n  
Type F ' b  r g l a s s  F i  berg1 ass F i  berg1 ass F i  berg1 ass 
Thickness Ic9 3 1/2" 3 1/2" 3 1/2" 3 1/2" 

C e i l i n g  
Type F i  berg1 ass F i  berg1 ass F i be rg l ass  F i  berg1 ass 
Thickness 7" 7" 8 1/2" 10 1/2" 

F l o o r  
Type F i  berg1 ass F i  berg1 ass F i  berg1 ass F i  berg1 ass 
Thickness 5 1/2" 5 1/2" 5 1/2" 5 1/2" 

Per imete r  
TYpe N / A ( ~  N/A Styrofoam Sty  r o f  oam )

Thi ckness 1" 2" 

Depth 1 112' 3 ' 


( a )  	 SFR-1s = s i n g l e - f a m i l y  residence, 1 s t o r y ;  SFR-2s = s i n g l e - f a m i l y  r e s i  -
dence, 2 s t o r y ;  TH-MU = townhouse, m idd le  u n i t ;  TH-EU = townhouse, end 
u n i t  ; APT-MU-U = apartment, midd le  u n i t  , u p s t a i  r s  ; APT-MU-D = apartment, 
m idd le  u n i t ,  downstai r s ;  APT-EU-U = apartment, end u n i t ,  u p s t a i  r s ;  APT-
EU-D = apartment, end u n i t ,  downsta i rs ;  MH-MS = mobi l e  home, m u l t i s e c t i o n .  

( b )  	 F i  b e r g l  ass b a t t .  
( c )  	 P a r t i t i o n  i n s u l a t i o n  i s  two 3 1/2" l a y e r s ;  one l a y e r  i s  assoc ia ted w i t h  

each u n i t .  
( d )  	 N/A = Not App l i cab le .  



f o r  t h e  b a s e l i n e  residences, t h e  i n s u l a t i o n  t h i c kness  f o r  each t ype  of 


res idence  depends on l o c a t i o n ,  whereas t h e  amount o f  area i n s u l a t e d  does no t .  


Incrementa l  Change. Table C.7 shows t h e  incrementa l  change i n  i n s u l a t i o n  

t h i c k n e s s  f rom t h e  base1 i n e  residences t o  t h e  proposed standard.  For  each 

l o c a t i o n ,  t h e  t a b l e  shows t h e  inches of i n s u l a t i o n  added o r  sub t rac ted  as a 

r e s u l t  o f  t h e  des ign  change. Whereas no d i f f e r e n t i a t i o n  was made f o r  fue l  

c o s t s  i n  t h e  base1 i n e  u n i t ,  f o r  t h e  proposed s tandard f u e l  c o s t s  have been used 

i n  de te rm in i ng  t h e  optimum amount o f  i n s u l a t i o n  des igna ted  f o r  each res idence  

and each l o c a t i o n .  As a  r e s u l t ,  i n s u l a t i o n  t h i c kness  may i nc rease  o r  decrease 

depending on t h e  t ype  o f  fue l  used and l o c a t i o n .  Opt ions a v a i l a b l e  f o r  hea t i ng  

a  res idence  were assumed t o  be n a t u r a l  gas, e l e c t r i c  r es i s t ance ,  o r  e l e c t r i c  

hea t  pump. Because o f  t h e  r e l a t i v e  cos t s  o f  n a t u r a l  gas and e l e c t r i c i t y ,  e l ec -

t r i c  heat pumps were norma l l y  t h e  leas t -expens ive  o p t i o n  f o r  r e s i d e n t i  a1 heat -  

i n g .  Per imete r  i n s u l a t i o n  i n f o r m a t i o n  i n  bo th  Tables C.6 and C.7 i s  p rov ided  

f o r  t h i c kness  ( i nches )  and depth ( f e e t ) .  

C.2.3 Pol 1  u t a n t  Source-Term I n f o r m a t i o n  

P o l l u t a n t s  addressed i n  t h e  computat ion o f  i ndoor  a i r  q u a l i t y  a re  d i s -  

cussed i n  more d e t a i l  i n  t h e  f o l l o w i n g  sec t i ons .  Table C.3 l i s t s  t h e  source 

terms f o r  t h e  c a l c u l a t i o n s  o f  i ndoor  a i r  concen t ra t i ons  o f  those p o l l u t a n t s .  

C.2.3.1 Suspended P a r t i c u l a t e  Ma t t e r  

Tobacco smoke i s  a  major  c o n t r i b u t o r  t o  t h e  i ndoo r  concen t ra t i on  of 

r e s p i r a b l e  p a r t i c u l  a t e  m a t t e r  (RSP) ( p a r t i c l e s  l e s s  t h a n  3.5 pm i n  d iamete r ) .  

An average of  18 p g  o f  pa r . t i cu l a tes  pe r  mg o f  tobacco has been repo r t ed  f o r  

s i d e s t  ream c i g a r e t t e  smoke ( G i  rman e t  a1 . 1982). Based on 600 mg of f ue l  pe r  

c i g a r e t t e ,  smoking a  c i g a r e t t e  w i l l  generate  11 mg of  p a r t i c u l a t e s .  Gas s toves 

c o n t r i b u t e  RSP emissions rang ing  f rom 10 t o  30 mg/burner-hour. Normal ly,  RSP 

produced by furnaces and ho t  water  hea te rs  a re  vented d i r e c t l y  outdoors  i n  

r e s i d e n t i a l  b u i l d i n g s .  Therefore,  i n  t h i s  ana l ys i s ,  d i r e c t  ou t s i de  v e n t i n g  was 

assumed t o  remove suspended p a r t i c u l a t e s  f rom a l l  sources b u t  gas-cooking 

app l iances  and c i g a r e t t e  smoke. 



TABLE C.7 	 Changes i n  I n s u l a t i o n  Th ickness f rom t h e  B a s e l i n e  Residences 
t o  t h e  Proposed Standard  

Change I n  lnsu la t  ion Th lckness (basel lne t o  proposed standard) 

Heat I ng 1 2 3 4 5 6 7 8 9 

Geographic InsuI a t  ion Fuela, SFBj  SFR- TH- TH- APT- APT- APT- APT- MH-


Locat Ion Locat ion Type 1 S 2s MU EU MU-U MU-D EU-U EU-D MS 


New Orleans, Wall Gas -0- -0- -0- -0- -0- -0- -0- -0- -0-
LA El ec.-R -0- -0- -0- -0- -0- -0- -0- -0- -0-

-HP -0- -0- -0- -0- -0- -0- -0- . -0- -0-

P a r t l t l o n  Gas N / A ( ~ )  N/A -0- -0- -0- -0- -0- -0- N/A 
Elec.-R N/A N/A -0- -0- -0- -0- -0- -0- N/A 

-HP N/A N/A -0- -0- -0- -0- -0- -0- N/ A 

C e l l I n g  Gas -3 1/2" -3 1/2" -1 1/2" -3 1/2" -3 1/2" -0- -3 1/2" -0- -3 1/2" 

Elec.-R -1 1/2" -1 1/2" -1  1/2" -1  1/2" -1 1/211 -0- -1  1/2" -0- -3 1/2" 


-HP -3 1/2" -3 1/2" -1 1/2" -3 1/2" -3 1/2" -0- -3 1/2" -0- -3 1/2" 


F loor Gas N/A N/A N/ A N/A N/A N/A N/A N/A -2" 
Elec.-R N/A N/ A N/A N/A N/A N/A N/A N/A -2" 

-HP N/A N/A N/ A N/ A N/ A N/ A N/A N/A -211 

Foundation Gas ln/21(d) 1"/21 ln /2 !  lW/21 N/A l " /2 '  N/ A 111/2I N/A 
Elec.-R 1"/2' 1ff/2'  1"/2' 1l8/2' N/A 1If/2' N/ A l1!/2' N/A 

-HP 1"/2' 1"/2' 1 1"/2' N/ A 1"/2' N/ A 1"/2' N/A 

(a)  Elec.-R 	 = E lec t r  i c  Resistance Heating; Elm.-HP = E l e c t r l c  Heat Pump Heatlng. 
(b )  	 SFR-IS = s lng le- fami ly  resldence, 1 s t a y ;  SFR-2s = s ing le- faml ly  residence, 2 story; TH-MU = townhouse, 

mlddle un l t ;  TH-EU = townhouse, end un l t ;  APT-MU-U = apartment, mlddle u n l t ,  upstal rs;  APT-MU-D = 
apartment, mlddle un l t ,  downstalrs; APT-EU-U = apartment, end u n l t ,  upstai rs;  APT-EU-D = apartment, 
end un l t ,  downstalrs; M-MS = mob1 l e  home, mu1 t l s e c t i o n .  

( c )  	 N/A = Not appl lcable. 
(d )  	 Foundatlon perimeter insulation thlckness/depth. 



TABLE C.7 ( c o n t d )  

Chanae i n  I n s u l a t i o n  Thickness (baseline t o  orooosed s tandard)  

Heat lng 1 2 3 4 5 6 7 8 9 
Geographic 

Locat ion 
l n s u l a t i o n  
Loca t ion  Fue[a)Type 

S f  SFR-
2 S 

TI-!-
MU 

TI-!-
EU 

APT-
MU-U 

APT-
MU-D 

APT-
EU-U 

APT-
EU-D 

MH-
MS 

Barstow, CA Wal l Gas 2" 2" 2" 2" 2" 2" 2" 2It 2" 
Elec.-R 

-HP 
3It(c) 
2" 

3I1(c) 
2" 

3 I f (c )  
2" 

3"(c) 
2" 

2" -0-
2" -0-

3I t (c)  
2" 

3Iq(c)  
2" 

2" 
2" 

'P a r t l t i o n  Gas N / A ( ~  N/A -0- -0- -0- -0- -0- -0- N/ A 
E l  ec.-R N/A N/A -0- -0- -0- -0- -0- -0- N/A 

-HP N/A N/A -0- -0- -0- -0- -0- -0- N/A 

C e l l l n g  Gas 1 1/2" 1 1/2It 1 1/2" 1 1/2" -1 1/2" -0- 1 1/2" - -11/211 

Elec.-R 1 1/211 1 1/211 1 1/2t1 1 1/2" 1 1/2" -0- 1 1/2It -0- -1 1/2" 


-HP 1 1/2" 1 1/2" 1 1/2" 1 1/2" -1 1/2" -0- 1 1/2" -0- -1 1/2" 


F l oo r  Gas N/ A N/A N/A N/ A N/A N/A N/ A N/A -0-

El ec.-R N/A N/A N/A N/A N/ A N/A N/A N/A -0-

N/ A N/A N/ A N/A N/A N/ A N/A N/A -0-

Foundat 1on Gas l n / 4 l ( e )  1I1/4f l U / 4 l  l t t /41 N/ A 1Iq/21 N/A 11f/21 N/A 

Elec.-R 1lV/4t l t t /4 '  11I/4l 111/4' N/A 1 11/2 1 N/A lV l / 2 t  N/A 

-HP 1"/4' 111/4' 111/4' 1"/4' N/A l t t /2 '  N/ A 1"/2' N/A 

(a )  	 Elec.-R = E l e c t r i c  Resis tance Heating; Eiec.-HP = E l e c t r i c  Heat Pump Heating. 
( b )  	 SFR-IS = s i ng l e - f am i l y  residence, 1 s to ry ;  SFR-2s = s i ng l e - f am i l y  residence, 2 s to ry ;  TH-MU = townhouse, 

m ldd le  u n l t ;  TH-EU = townhouse, end u n l t ;  APT-MU-U = apartment, m idd le  u n l t ,  ups ta l r s ;  APT-MU-D = 
apartment, m idd le  u n i t ,  downstalrs; APT-EU-U = apartment, end u n i t ,  ups ta i r s ;  APT-EU-D = apartment, 
end u n l t ,  downsta i rs ;  Mi-MS = mob i le  home, mu l t i sec t l on .  

( c )  	 Two Inches fiberglass p l u s  1 Inch poly lsocyanurate.  
( d )  N/A = Not app l i cab le .  

( e l  Foundation per imeter  i n s u l a t i o n  th lckness/depth.  




TABLE C.7 ( c o n t d )  

Change in  l nsu la t  ion Thickness (base l lne t o  proposed standard 

Heat inq 1 2 3 4 5 6 7 8 9 
Geoqraphic I nsu la t i on  

Fuel,) 
SFR- SFR- TH- TH- APT- APT- APT- APT- MH-

Locat lon Locat ion Type 1S(b, 2S MU EU MU-U MU-0 EU-U EU-0 MS 

Washington, Wall Gas 1It(c ) 1"(c) l W ( c )  l t 1 ( c )  l q1 (c )  l I t ( c )  l W ( c )  l w ( c )  -0-
DC El ec.-R l f l (c )  l n ( c )  l n ( c )  l t l (c )  1I t (c)  l t t ( c )  l1 I (c )  lwl(c) -0-

-HP -0- -0- 1Iq(C) lW(C)  -2" -2" -281 -211 -2" 

P a r t i t i o n  Gas N / A ' ~ '  N/ A -0- -0- -0- -0- -0- -0- N/A 
Elec.-R N/A N/A -0- -0- -0- -0- -0- -0- N/A 

-HP N/A N/ A -0- -0- -0- -0- -0- -0- N/A 

C e i l i n g  Gas -0-

Elec.-R -0-


-HP -311 


Floor Gas N/A N/A N/A N/A N/ A N/ A N/ A N/A -0-
Elec.-R N/A N/A N/A N/A N/ A N/ A N/ A N/A -0-

-HP N/A N/ A N/A N/A N/A N/A N/A N/A -0-

Foundation Gas 0"/2 1 / 2 ~ ( e )  0"/2 1/21 0"/2 112' 0"/1 1/21 N/A 01/2 112' N/A 011/2 
1/21 N/A 

Elec.-R On/2 1/21 O1!/2 l / Z f  0Iq/2 1/2' On/2 1/2l N/A 0"/2 1/2' N/A 0"/2 
1/2' N/ A 

-HP 0"/2 1/21 0"/2 1/2' 0"/2 1/2l O1I/2 1/2' N/A 0"/1/2' N/A 0"/1/2' N/A 

(a)  	 Elec.-R = E l e c t r i c  Resistance Heating; Elec.-HP = E l e c t r i c  Heat Pump Heating. 
(b )  	 SFR-IS = s ing le- fami ly  residence, 1 s tory;  SFR-2s = s ing le- fami ly  residence, 2 story;  TH-MU = townhouse, 


middle u n l t ;  TH-EU = townhouse, end un i t ;  APT-MU-U = apartment, middle un l t ,  ups ta i rs ;  APT-MU-0 = 

apartment, mlddle u n l t ,  downstairs; APT-EU-U = apartment, end u n i t ,  upstairs; APT-EU-D = apartment, 

end un l t ,  downstairs; Mi-MS = mobl le hane, mul t l sec t ion .  

( c )  One inch poly isocyanurate insu la t ion .  

( d l  N/A = Not applicable. 

(8)  	 Foundation perimeter lnsul  a t  ion thickness/depth. 
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C.2.3.2 Carbon Monoxide 

The g rea tes t  i ndoor  source o f  CO i s  combustion. CO emissions range from 

1.3 t o  3.0 g /h r  f o r  s teady-s ta te  ope ra t i on  o f  a gas s tove  oven (Gi rman e t  a1 . 
1981) and 0.2 t o  1.8 g /h r  f o r  a gas s tove burner  (Cole e t  a l .  1983). 

Tobacco smoke i s  a l s o  a minor source o f  CO. An average of 105 mg i s  

e m i t t e d  p e r  c i g a r e t t e .  Th is  average i nc l udes  s ides t ream CO as w e l l  as CO 

i n h a l e d  and exhaled d u r i n g  smoking. A major  f r a c t i o n  o f  e l eva ted  CO l e v e l s  i s  

o f t en  from outdoor sources. Indoor  sources tend  t o  be smal l ,  except i n  

res idences where automobi l e  exhaust may e n t e r  t h e  b u i  1 d ing.  

C.2.3.3 Carbon D iox ide  

Most outdoor C02 i s  generated by me tabo l i c  a c t i v i t y .  I n  a d d i t i o n  t o  t h a t  

source, combustion sources (s toves and c i g a r e t t e s )  c o n t r i b u t e  t h e  g r e a t e s t  

amount of C02 t o  i ndoo r  a i r .  An average emiss ion o f  143 wg C02 /c i ga re t t e  has 


been measured f o r  t h e  combined mainstream and s ides t ream C02. 


C.2.3.4 Oxides o f  N i t rogen  

Combustion products  f rom gas stoves are a p r imary  p o t e n t i a l  source of 

ox ides  of n i t r o g e n  (NO, NO2) (See Table C . l ) .  As t h e  t a b l e  shows, es t ima ted  

va lues  f o r  NO2 range f rom 70 t o  120 mg/hr f o r  a burner,  and from 80 t o  

130 mg/hr f o r  t h e  oven. A NO2 source te rm f o r  tobacco smoking has a l s o  been 

measured and averages 0.065 mg/c igare t te .  

C.2.3.5 Radon 

The source terms f o r  radon p e r t a i n  t o  gaseous radon-222 and a re  a l l  

assumed t o  be steady s t a t e  (see Table C.l).  Radon w i l l  decay i n t o  a lpha-  

e m i t t i n g  daughter products  c a l l e d  radon progeny. I n  t h i s  decay se r i es ,  uranium 

(2381~) decays t o  t ho r i um  ( 2 3 4 ~ h ) ,  which i n  t u r n s  decays t o  p r o t a c t i n i u m  

( 2 3 0 ~ a ) ,  etc., a n t i 1  t h e  se r i es  stops a t  s t a b l e  lead  ( 2 0 6 ~ b ) .  Uranium i s  found 

i n  t r a c e  l e v e l s  i n  ear then b u i l d i n g  m a t e r i a l s  and s o i l  and a t  h i ghe r  l e v e l s  i n  

m i n e r a l i z e d  areas. Consequently, radon gas a l s o  i s  found i n  these m a t e r i a l s  

and r e a d i l y  d i f f u s e s  i n t o  t h e  atmosphere. Radium ( 2 2 6 ~ a ) ,  t h e  predecessor t o  

2 2 2 ~ n  i n  t h e  se r ies ,  i s  r e l a t i v e l y  so l ub le  i n  water.  
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The g r e a t e s t  s i n g l e  source o f  radon i s  f r o m  t h e  s o i  1. Source te rms from 

t h e  s o i l  range f r o m  0.1 t o  1 p ~ i / m 2 - s e c  i n  t h e  low-radon areas t o  1 t o  10 p C i /  

m -sec i n  h igh- radon l o c a l i t i e s .  Radon i s  a l s o  r e l e a s e d  f r o m  t h e  aggrega te  

c o n t a i n e d  i n  conc re te .  Release r a t e s  range f r o m  0.02 t o  0.06 pci /m2-sec f o r  

each s i d e  of a 0 .2-meter - th ick  w a l l .  A c o n c r e t e  s l a b  on s o i l  w i l l  emanate 

radon b o t h  f r o m  t h e  c o n c r e t e  aggregate  and f r o m  t h e  d i f f u s i o n  o f  t h e  radon f rom 

t h e  s o i  1 t h r o u g h  t h e  po res  o f  t h e  conc re te .  The magni tude o f  t h e  source t e r m  

depends on whether  t h e  s l a b  i s  on s o i l  i n  a m i n e r a l i z e d  o r  n o n m i n e r a l i z e d  a r e a  

because of t h e  v a r i a t i o n  i n  radon emanat ion f r o m  t h e  s o i l  i n  t h e s e  two areas. 

B r i c k  (adobe and r e d )  b u i l d i n g  m a t e r i a l  i s  a1 so a source of gaseous radon.  

Ano the r  m a j o r  source o f  i n d o o r  radon i s  w e l l  water .  Radon d i s s o l v e s  i n  

w a t e r  and w i l l  remain d i s s o l v e d  u n t i l  t h e  w a t e r  i s  vented.  The magni t u d e  o f  

radon r e l e a s e d  from wa te r  w i t h i n  t h e  b u i l d i n g  w i l l  depend on t h e  radon concen-

t r a t i o n  i n  w a t e r  ( T a b l e  C. l ) ,  t h e  number of occupants,  and t h e i r  w a t e r  usage 

(washing,  f l u s h i n g ,  shower ing) .  Radon emiss ion  r a t e s  were s e l e c t e d  t o  c o v e r  

t h e  expected range i n  r e s i d e n t i a l  b u i l d i n g s .  The g r e a t e s t  v a r i a b i  l i t y  i n  radon 

sou rce  te rms i s  a s s o c i a t e d  w i t h  g e o l o g i c a l  f e a t u r e s  (wa te r  supp ly  and 

s u b s t r a t e ) ;  c o n s i d e r a b l y  l e s s  v a r i a b i l i t y  occu rs  i n  t h e  b u i l d i n g  m a t e r i a l s  

(Sachs, Hernandez and R ing  1982; Abu-Jarad and F r e m l i n  1982). S o i l  and con-

c r e t e  emiss ion  r a t e s  c o v e r i n g  a range f r o m  nonmi n e r a l  i z e d  t o  m i n e r a l  i z e d  a r e a s  

were used. Because ambient  ou tdoor  radon concent  r a t  ions show c o n s i d e r a b l e  

v a r i a t i o n  due t o  s o i l  and weather f a c t o r s ,  a t y p i c a l  background v a l u e  was 

chosen f o r  t h i s  computa t ion .  I n  t h i s  a n a l y s i s  t h e  w a t e r  s u p p l i e s  f o r  t h e  

r e s i  d e n t i  a1 b u i  1 d i n g s  were assumed t o  be f rom base-wi de supp ly  systems. 

C.2.3.6 Formaldehyde and Other  Organ ics  

The source s t r e n g t h  o f  formaldehyde from b u i l d i n g  m a t e r i a l  and f u r n i s h -  

i n g s / c a r p e t  decreases w i t h  t ime,  based on an emanat ion h a l f - l i f e  f o r  f o rma lde -

hyde o f  58 months (NRC 1981b; Gupta, Ulsamer and Preuss 1982). Recorded mea- 

surements o f  formaldehyde c o n c e n t r a t i o n s  ( f o r  b o t h  mobi l e  homes and o t h e r  

d w e l l i n g s )  i n  Tab le  C . l  a r e  no t  n e c e s s a r i l y  c o r r e l a t e d  w i t h  home age, tempera-

t u r e ,  h u m i d i t y ,  o r  t h e  amount o f  f o r m a l d e h y d e - e m i t t i n g  m a t e r i a l s  i n  t h e  s t r u c -  

t u r e .  They do, however, rep resen t  a t y p i c a l  range o f  va lues.  



Formaldehyde i s  a1 so a combusti on product  f o r  such common substances as 

n a t u r a l  gas and tobacco. Typ ica l  emiss ion r a t e s  range from 15 t o  25 mg/hr f o r  

gas s toves and 1 m g l c i g a r e t t e  (NRC 1981a). 

Formaldehyde concen t ra t i ons  t h a t  are norma l l y  found i n  t h e  atmosphere a re  
3

g e n e r a l l y  w e l l  below t h e  de tec tab le  l i m i t s  o f  measuring dev ices ( 5  pg/m ). 

Atmospher ic formaldehyde i s  no t  cons idered a major  source f o r  indoor  a i r  con-

c e n t  r a t i  ons when compared t o  combustion and/or bu i  1  d i n g  ma te r i  a1 source terms.  

C.3 PRESENCE OF NONQUANTIFIED POLLUTANTS 

Resi d e n t i  a1 a i  r con ta i  ns many po l  1  u t a n t s  o t h e r  than those computed th rough  

a p p l i e d  s i m u l a t i o n  models d iscussed above. The f o l  l ow ing  s e c t i o n s  p r o v i d e  

overv iew i n f o r m a t i o n  on chemical compounds and microorganisms found i n  r e s i  den- 

t i a l  i n d o o r  a i r  environments. The techniques and equipment f o r  conduc t ing  

research on these p o l l u t a n t s  are s t i l l  i n  an e a r l y  stage o f  e v o l u t i o n .  There-

fore,  f o r  chemical  o r  microorganism sources and emanation ra tes ,  t h e r e  i s  n o t  a 

l a r g e  l i t e r a t u r e  data base t h a t  can be used t o  accu ra te l y  p r e d i c t  t h e  e x t e n t  t o  

which these p o l l u t a n t s  may e x i s t  i n  any one residence. 

C . 3 . 1  Chemi c a l  Compounds 

Over 300 chemical compounds have been i d e n t i f i e d  i n  r e s i d e n t i a l  a i r .  Sev-

e r a l  s t u d i e s  have addressed t h e  problem of  q u a n t i f y i n g  t h e  concen t ra t i ons  o f  

chemical compotlnds i n  r e s i d e n t i a l  a i r ,  e s p e c i a l l y  compounds hav ing  i ndoo r  a i  r 

concen t ra t i ons  g r e a t e r  than outdoor l e v e l s .  Compounds i d e n t i f i e d  i n  f i v e  

s t ud ies  o f  r e s i d e n t i a l  a i r  a re  shown i n  Table C.8. Th is  t a b l e  i d e n t i f i e s  

chemical compounds found i n  r e s i d e n t i a l  i ndoo r  a i r ,  t h e  r a t i o  o f  t h e  mean 

i ndoo r  concen t ra t i on  t o  t h e  outdoor concent r a t i o n ,  t h e  mean and maximum i ndoo r  

concen t ra t i on  measured d u r i n g  t he  sampl ing pe r i od ,  t h e  l o c a t i o n  o f  t h e  r e s i  -
dence, and t h e  number o f  residences evaluated. The res idence number i n  paren-  

theses i s  t h e  t o t a l  number o f  residences t e s t e d  f o r  t h a t  p o l l u t a n t .  For some 

residences, t he  po l  1  u t a n t  concen t ra t i ons  were below measurable l e v e l s .  

The presence o f  chemical con~pounds i n  r e s i d e n t i a l  a i r  r e s u l t s  f r om  one o r  

more o f  t h e  f o l  1  owing sources : 

e i n f i  1  t r a t i o n  o f  outdoor chemical s  



TABLE C.8. Chemical Comoounds Found i n  Residentia1 Indoor ~ir(') 

Selected Chemlcal 
Compound 

Indaor-to-
Outdoor 

Rat l o  

Pol l u tan t  Concen-
t r a t  Ion Level 

ax m3m 
($%3) m 

Location o f  
Eva l uated Res ldence 

Number ofb)  
Res l dences 

Acetaldehyde Northern lt a  ly 

Butanol Northern I t a l y  

Hexanol Northern 1t a  1 y 

Nonanol Northern l t a l  y 

Acetone Northern l t a l  y 

Butanone-2 Northern l t a l y  

TrIchlorofIuoromethane Northern l t a  ly 

Bromod Ich loromethane Greensboro, NC 

Dlchloromethane Northern lt a  ly 

Olchloroethylene Baton Rouge, LA 
Greensboro, NC 

Baton Rouge, LA 
Greensboro, NC 
Houston, lX 

1,2-Dlchloropropane Baton Rouge, LA 
Greensboro, NC 

Chloroform Greensboro, NC 
New Jersey 
Houston, TX 
Northern lt a  ly 
Baton Rouge, LA 

1 , l . l  Tr lchloroethane Northern 1 t a  1 y
New Jersey 
Greensboro, NC 
Baton Rouge, LA 
Houston, TX 

Carbon Tetrachloride New Jersey 
Greensboro. NC 
Northern It a l  y 
Houston, TX 
Baton Rouge, LA 

Tr lch loroethy lene Baton Rouge, LA 
Greensboro, NC 
Northern l t a l y  
New Jersey 
Houston, lX 

Tetrachloroethylene Baton Rouge, LA 
New Jersey 
Greensboro, NC 
Northern l t a l y  
Houston. TX 
Ho 1 land 

1,4-D lch  lorobenzene Baton Rouge, LA 
Northern l t a l  y 
Hol land 
Houston, TX 
New Jersey 
Greensboro, NC 



TABLE C.8. ( contd )  

P o l l u t a n t  Concen- 
t r a t l o n  LevelIndoor-to-

Selected Chemlcal 
Compound 

an "Ym(;/m3) zg:tn 
Outdoor 

Rat l o  
Locat lon o f  

Evaluated Residence 
Number ofb)  

Res ldences 

n-Hexane 21.9 Hol Iand 
I 0  Northern l t a l y  

Hol land 
Northern l t a l y  

Hol Iand 
Northern lt a  ly 

Dutch 
Northern l t a l y  

Hol Iand 
Northern lt a  ly 

Hol land 
Northern lt a l  y 

Hol land 
Northern l t a l y  

Benzene Northern lt a l  y 
New Jersey 
Hol Iand 

To luene Northern l t a  ly 
Hol land 

Ethy l  benzene Northern lt a  ly
New Jersey 
Hol land 

1,3-Xy l ene d 1,4-Xy lene Northern l t a l y  
Hol 1and 
New Jersey 

1.2-Xy lene Northern lt a  ly 
New Jersey 

1,2,3-Tr lmethy lbenzene Hol land 

1,3,5-Tr lmethy lbenzene HoI Iand 
Northern l t a l y  

1,2,4-Tr lmethy lbenzene Hol Iand 
Northern lt a  ly 

a-P lnene Northern l t a l y  

L lmonene Hol land 
Northern lt a l  y 

Napthalene Northern lt a  ly 
%I Iand 

Styrene New Jersey 

V lny l ldene Ch lor lde  Baton Rouge, LA 

n-Propy lbenzene Hol l and 

I-Propylbenzene Hol Iand 

o-Methylethylbenzene Hol land 

methyle ethyl benzene Hol Iand 

p-Methylethylbenzene Hol land 

Methylcyclohexane Hol Iand 



TABLE C.8. (con td )  

P o l l u t a n t  Concen-
I ndoor-to-

Sel ected Chemlcal 
Compound 

Dimethylcyclopentane 

3-Methy Ipentane 

2-Methylpentane 

3-Methy lhexane 

Cyc lohexane 

n-buty lbenzene 

p-Methyl-I-propylbenzene 

n-Tr idecane 

n-Tetradecane 

n-Pentadecane 

Outdoor 
Rat lo  

t r i t l o n  Level 
an Max'mYm(Z/m3) (pg/m ) 

Locat ton of 
Evaluated Residence 

Hol land 

Hoi land 

Hol land 

Hol land 

Holland 

Hol land 

Hol land 

Hol land 

Hol land 

Hol land 

Number o 
Residencestb) 

(a)  Lebret e t  a l  . 1984; Wa l lace e t  a l  . 1984; Hartwel l e t  a l  . 1984; DeBortol l e t  a1 . 1984; 
Gammage e t  al. 1984. 

(b) Numbers In  parentheses are the t o t a l  numbers o f  residences tested f o r  t h a t  pol lu t lon ;  
f o r  sane residences, the  p o l l u t a n t  concentrat lon was below measurable levels. 

ep i sod i c  events ( i  .e., cooking, c l e a n i n g )  

a n a t u r a l  consequences o f  indoor  1i v ing  ( r e s p i r a t i o n ,  p e r s p i r a t i o n )  

a outgas5ing from household appl iances and b u i l d i n g  ma te r i a l s .  

C.3.1.1 I n f i l t r a t i o n  

Chemicals compounds can e n t e r  i n t o  t he  r e s i d e n t i a l  environment through 

i n f i l t r a t i o n  of a i r  coming from ou t s i de  r e s i d e n t i a l  l i v i n g  space. For example, 

o p e r a t i n g  an automobi le o r  s torage of chemicals i n  an a t tached garage f o r  a 

l o n g  p e r i o d  of t ime  can be an impor tan t  source o f  indoor  p o l l u t a n t s .  Another 

source i s  chemical concen t ra t ions  i n  s o i l .  Unwanted chemicals disposed o f  

improper ly  i n  t h e  s o i l  can be s l ow l y  re leased  i n t o  t h e  indoor  env i  ronment 

th rough  cracks i n  t h e  foundat ion.  

C.3.1.2 h i s o d i c  Events 

A major  source f o r  indoor  a i r  p o l l u t a n t s  i s  ep isod ic  events. These are 

events  t h a t  a re  s h o r t - l i v e d  and i n v o l v e  d i r e c t  i n j e c t i o n  of  chemicals i n t o  t h e  

a i r  (i.e. spray ing,  p a i n t i n g ,  opening con ta ine rs ) .  Chemicals can a l s o  be gene-

r a t e d  as a r e s u l t  of t h e  a c t i v i t y  (i.e. cooking, ope ra t i ng  s e l f - c l e a n i n g  

oven).  The e f fec t  of these events on indoor  a i r  q u a l i t y  depends on whether t h e  

a c t i v i t y  i s  norma l l y  done i n  a w e l l  - v e n t i l a t e d  area. I n  almost a l l  cases, 



adequate v e n t i l a t i o n  can be p rov ided  by o p e r a t i n g  k i t c h e n  o r  bathroom fans o r  

by opening windows. Adequate v e n t i l a t i o n  can be p rov i ded  i n  t h e  same way i n  an 

ene rgy -e f f i  c i  en t  home. 

A l though adequate v e n t i l a t i o n  can decrease t h e  e f f e c t s  of chemica ls  gener-  

a ted  from i ndoo r  ep i sod i c  events, t h e  chemicals a re  o f  concern f o r  t h r e e  rea -

sons. F i r s t ,  users might  not operate  t h e  v e n t i l a t i o n  devices c o n s i s t e n t l y .  

Secondly, even t r a c e  amounts o f  o rgan ics  t h a t  escape t h e  v e n t i  1  a t i  on system can 

be noxious. F i n a l l y ,  harmless o rgan ics  can reac t  i n  t h e  i ndoo r  environment t o  

produce i r r i t a t i n g  o r  harmfu l  substances. For example, commonly used household 

hydrocarbons can be induced by sun1 igh t  t o  photochemical l y  form aldehydes, 

ketones, o rgan ic  ac ids  and f r e e  r a d i c a l  intermediates,  which cause r e s p i  r a t o r y  

d i  scornfort (Meyer 1983). 

Three common types o f  ep i sod i c  events--consumer products ,  cook ing and 


c i g a r e t t e  smoki ng--are d iscussed i n  more d e t a i l  below. 


Consumer Products. Common chemical compounds d i  r e c t l y  i n j e c t e d  i n t o  

household a i r  i n c l u d e  pe t ro leum d i s t i l l a t e s ,  c h l o r i n a t e d  hydrocarbons, ammonium 

compounds, and many o thers  (see Table C.9). Typ ica l  sources i n c l u d e  aeroso l  

sprays such as deodorants, i n s e c t i c i d e s ,  varn ishes,  window c leaners ,  metal  

c leaners ,  w a l l  c leaners ,  and p e s t i c i d e s .  The h i ghes t  exposure t o  chemical com-

pounds occurs j u s t  a f t e r  t h e  i n i t i a l  a p p l i c a t i o n .  Unless p roper  v e n t i  l a t i  on i s  

a v a i l a b l e  and used, t h e  chemicals remain i n  indoor  a i r  f o r  l ong  pe r i ods  o f  

t ime,  a l though  a t  d i l u t e d  concen t ra t ions .  Many compounds a p p l i e d  i n  l i q u i d  o r  

s o l i d  form can outgas f o r  days because of t h e  low vapor pressure of t h e  chemi- 

ca l  i ng red ien t s .  

Cooking. Carc inogenic  o rgan ic  substances a r e  p o t e n t i a l  l y  formed d u r i  ng 

t h e  cook ing o f  p r o t e i n s ,  and t h e  q u a n t i t y  of mutagens appears t o  be g r e a t e s t  i n  

t h e  smoke. Benzo(a)pyrene i s  a  we1 1 - p u h l i c i  zed carcinogen formed a t  h igh  tem- 

peratures,  hu t  many o thers  a r e  formed a t  temperatures as low as 140°C. For 

example, severa l  mutagens have been i d e n t i f i e d  i n  beef cooked a t  140°C t o  

190°C. As much as 99% o f  t he  mutagenic compounds were found i n  t h e  vapors as 

opposed t o  t h e  su r f ace  o f  t h e  meat. The mutagens formed du r i ng  t h e  cook ing o f  

p r o t e i n s  a r e  a l l  o f  t h e  same s t r u c t u r a l  t ype  ( i  .e., 3 - r i ng  c y c l i c  molecu les 

w i t h  an a t tached  amino group on a carbon ad jacent  t o  a r i n g  n i t r o g e n ) .  The 



TABLE C.9. C l a s s i f i c a t i o n  o f  Organics Found i n  Homes f rom Consumer Products  
(Gosse l in  e t  a1. 1984) 

Compound Source 

Acetates Adhesi ves 

Acetone Adhesi ves 

Acro l  e i  n  Overheat ing Cooking O i l s  and Fa ts  

A n i l i n e  Pai  n t s /Va rn i  shes 

Ammonia Household C l  eaners /D is i  n f e c t a n t s  
Window Sprays 
P l a n t  F e r t i l i z e r s  

Benzene 	 Metal Cleaners 
F l  oor/Wal 1  Cleaners 
P a i n t  Brush Cleaners 
Pai n t s /Va rn i  shes 
I nsec tic i  des 
Adhesi ves 
Sol vents  

Butanol  Pai n t  Th inners  

B u t y l  Acetate  P a i n t  Thinners 

Camphor Adhesives 

E t h y l  Acetate  Pai n t  Thinners 

Ethy lene G lyco l  Cosmetics 

Chlorobromomethane F i  r e  Ex t i ngu i she rs  

Chl orophenol  s  D i s i n f e c t a n t s  
Toi 1  e t  Bowl C l  eaners 
Chl o r i  ne Bleaches 

Di  c h l  oroethane Dyes 

D i  ch l o roe thy l ene  	 Saran Wrap 
Pai n t i  ng I n k s  
Degreasers 
Adhesi ves 

D i  e t h y l e n e t  r iarni ne Adhes ives 

D i  isocyanates Foam Paddi ngs 

Di  n i  t robenzene Pol ishes 

Di  oxane Adhesives 



TABLE C.9. ( con td )  

Compound 	 Source 

Ethanol  	 Dyes 
Rubbing A1 coho1 
Pai n t s /Va rn i  shes 
Ai r Freshener 
Hai r Spray 

E thy l  ene G lyco l  	 Window Cleaners 

Formaldehyde 	 Deodor izers 

Gas01ine 	 Pai n ts /Varn ishes  
Adhesi ves 

Hexane 	 Adhesives 

I sopropanol  	 D i s i n f e c t a n t s  
S ta i n  Removers 
Deodor izers  

Isoamy/Acetates 	 S t a i n  Removers 

Keros i  ne 	 Metal Cleaners 
F loor /Wa l l  Cleaners 

Methanol 	 S t a i n  Removers 
Pai n ts /Varn ishes  
Pa in t  S t r i p p e r s  

Methylene C h l o r i d e  	 Aerosol Propel  1  a n t  
Degreaser 
Pa. in t /Varn ish S t r i p p e r  
M i t ic i  des 
Adhesi ves 

M inera l  Spi r it s  	 Dyes 
Pai n t s /Va rn i  shes 
Pol ishes 

Naptha 	 F l  oor /Wal l  C leaners  
C i g a r e t t e  L i g h t e r s  

Napthal ene 	 Deodori zers  

N i t  robenzene 	 Dyes 

Paradi  c h l  orobenzene 	 Deodor izers 
Cat Spray 
Dog Repel l a n t  

Pentachl  orophenol  	 Wood Preservat  ives 

Perch lo roe thy lene  	 Spot Remover 
Prewash Spray 



TABLE C.9. ( con td )  

Compound Source 

Pine O i  1 D i s i n f e c t a n t s  
F loor /Wa l l  Cleaners 

Polyurethane P r o t e c t i v e  Coat i  ngs 

o-Phenyl phenol Lyso l  

1,l,1-Tr i  c h l  oroethane 	 Pol i shes  
Dra in  Cleaners 

Tu rpen t  ine 	 Pai n ts /Varn ishes 
Po l i shes  

V i  n y l  Acetate  
Copolymers Hai r Spray 

Xyl enes 	 Pai n t  Removers 
Degreasers 
Lacquers 
Glues 
Cements 
Sol vents  
I n s e c t i c i d e s  

Toluene 	 Metal  Cleaners 
F l  oor/Wal 1  Cleaners 
Adhesi ves 
Pa in t  Thinners 
Sol vents  
I n s e c t i c i d e s  

T r i  c h l  oroethane 	 Cleani  ng F l u i d s  
Deca f fe ina ted  Cof fee  
Metal Cleaners 
Dyes 
Lub r i can t s  
Pol ishes 

T r i c h l o r o e t h y l e n e  	 Metal Cleaners 

h e a l t h  e f f e c t s  of these compounds are most ly  unknown, but  exposure i s  e a s i l y  

rni nirnized by u s i n g  t h e  k i t c h e n  v e n t i l a t i o n  system d u r i n g  cook ing (Wishnok 

1984) . 
C i g a r e t t e  Smoking. C i g a r e t t e  smoke con ta ins  many o rgan ic  compounds (see 

Table  C.10), i n c l u d i n g  methane (5  mg/cig),  C2-C6 hydrocarbons (2.5 mg l c i g ) ,  and 

carbony l  s  (1.9 mg/ci 9) .  Suspected carcinogens i n c l u d e  not o n l y  benzo (a )pyrene, 



TABLE C. lO.  	 Compos i t ion  o f  Organ ics  i n  Mainstream and S i  d e s t  ream Smoke 
( N a t i o n a l  Research Counci 1 1981b) 

Concent r a t i o n  
(mg/ci g a r e t t e )  ( a )  

C h a r a c t e r i s t i c  o r  Compound 
Mai n s t  ream 

Smoke (1)  
Si d e s t  ream 
Smoke (2 )  

Concent r i o n  
R a t i o (gj 

General C h a r a c t e r i s t i c s :  

D u r a t i o n  o f  smoke 
p r o d u c tion, s 

Tobacco burned 

P a r t i c l e s ,  no. pe r  c i g a r e t t e  1.05 x 10'' 3.5 x 1012 3.3 

P a r t i c l e s :  

Tar ( c h l o r o f o r m  e x t r a c t  ) 44.1 2.1 
:";c 1 34.5(c) 3.4 

N i  c o t  ie 

Benzo[alpyrene 	 3.5 x 10-2 
4.4 x 10-

Pyrene 1.3 x 10 '~  
2.70 x 1 0 ' ~  

F luo ran thene  2.72 x 1 0 ' ~  

Benzo[a]f 1 uorene 1.84 x 

Benzo[b /c ] f l  uorene 6.9 x 

Chrysene, benz[a]anthracene 1.91 x 

Benzo [b /k / j ] f l  uo ran th rene  4.9 

Benzocelpyrene 2.5 x l o m 5  1.35 x 5.4 

P e r y l  ene 9.0 x l od6  3.9 x lo'5 4.3 

D i  benz [a, j ]ant h racene 1.1 x l o m 5  4.1 x 10 '~  3.7 

D i  benz[a ,h]anthracene, 
i deno-[2,3-edlpyrene 3.1 x 1.04 x 3.4 

BenzoCghi I p e r y l  ene 3.9 x 9.8 x 2.5 

Anthanth  rene 2.2. 3.9 1.8 

IPhenols ( t o t a l  ) 0.228 0.603 2.6 

Cadmi urn 1.25 x 10 '~  4.5 x 10 '~ 3.6 
b 



TABLE C . l O .  ( con td )  

Concent r a t i o n  
(rng/ci g a r e t t e )  ( a )  

C h a r a c t e r i s t i c  o r  Compound 
Mai nstrearn 

Smoke (1)  
S i  destream 
Smoke (2)  

Concent r ion 
Ratio (8 

Gases and Vapors 

Water 

Carbon monoxi de 

Ammo n ia 

Carbon d i  ox ide  

N0X 

Hydrogen cyani  de 

Acro l  e i n  

Forma 1 dehyde 

To1 uene 

Acetone 

Polonium 210, pCi 

( a )  Unless o therw ise  noted. 
( b )  Sidestream smoke concent ra t  i o n  + mai nstram smoke concent r a t i o n .  
( c )  F i l t e r e d  c i g a r e t t e s .  
( d )  3.5 mg i n  p a r t i c u l a t e  phase, r e s t  i n  vapor phase. 
(e )  5.5 mg i n  p a r t i c u l a t e  phase, r e s t  i n  vapor phase. 

b u t  a l s o  dibenzo(a)pyrene, benzo(a)anthracene, benzo(b) f luoranthene,  b e n z o ( j ) -

f l uoranthene, and indeno(l,2,3-cd)pyrene. The smoker i n h a l e s  t h e  l a r g e s t  con-

c e n t r a t i o n  o f  these contaminants;  however, s idest ream c i g a r e t t e  smoke i s  a 

major  c o n t r i b u t o r  t o  i ndoo r  p o l l u t i o n  (Meyer 1983). Because smoking i s  a v o l -

u n t a r y  a c t i v i t y ,  t h e  best  m i t i g a t i o n  s t r a t e g y  i s  t o  smoke i n  we1 1 - v e n t i  l a t e d  

areas. 

C.3.1.3 Na tu ra l  Consequences of Indoor  L i v i n g  

Many chemical contarn inants#are assoc ia ted  w i t h  normal human h i  o l o g i c a l  

processes (see Table C.11), bu t  they a l s o  c o n t r i b u t e  t o  i ndoo r  a i r  p o l l u t i o n .  

These compounds g e n e r a l l y  are e l i m i n a t e d  by na tu ra l  a i r  exchange. Solne 



TABLE C . l l .  Emission Rates o f  Organic B i o e f f l u e n t s  
(Na t iona l  Research Counci 1  1981b) 

E f f l u e n t  Emission Rate (mglperson-day ) 

Acetone 50.7 f 27.3 

Acetaldehyde 

A c e t i c  Ac id  

A1 l y l  A1 cohol  

Amy1 Alcohol  

B u t y r i c  Ac id  

D i e t h y l  Ketone 

E thy l  Acetate  

E t h y l  A1 cohol  

Methyl A1 cohol  

Phenol 

To1 uene 

s c i e n t i s t s  argue t h a t  chemicals em i t t ed  from t h e  human body can he t o l e r a t e d  a t  

r e l a t i v e l y  h i gh  exposures, hu t  many s c i e n t i s t s  do n o t  be1 i e v e  t h a t  e x t e r n a l  

exposures can be genera l i zed  from t h e  amount o f  chemicals t h e  body generates.  

Since DNA r e p a i r  enzymes a re  l i m i t e d  i n  our bodies,  even our  own n a t u r a l l y  

o c c u r r i n g  o rgan ic  me tabo l i t es  can p o s s i b l y  cause cancer i n  much t he  same way 

t h a t  n a t u r a l  l y  o c c u r r i n g  r a d i a t i o n  i n  t h e  body causes cancer ("Formaldehyde -
Assessing t h e  R isk "  1984). 

C.3.1.4 Outaassina o f  Bui l d i  na M a t e r i a l s  and Household Furn i  s h i  nas 

Long-term emission o f  chemical compound contaminants f rom b u i l d i n g  mate- 

r ia1 s  and household f u r n i s h i n g s  can occur  by two mechanisms. Res idual  s o l  ven ts  

and agents such as c a t a l y s t s ,  su r f ac tan t s ,  o r  p l a s t i c  monomers can he 

1) re leased s l ow l y  over  t ime,  o r  2 )  contaminants can s l ow l y  be produced as a 

r e s u l t  o f  degrada t ion  by a i r  ox i da t i on ,  p h o t o i n i t i a t i o n ,  o r  r e t r o p o l y m e r i z a t i o n  

r eac t i ons .  Contaminat ion f rom these mechanisms w i l l  be magn i f i ed  i n  homes w i t h  

reduced a i  r exchange ra tes .  

A recen t  s tudy by Molhave (1982) concluded t h a t  b u i l d i n g  m a t e r i a l s  may be 

t h e  main source o f  many o rgan ic  compounds i n  t h e  i ndoo r  home environment.  I n  



t h i s  study, t h e  main sources o f  o rgan ic  gases and vapors f rom b u i l d i n g  mate- 

r i a l s  were p roduc ts  r e l a t e d  t o  f l o o r i n g  ( f i l l e r ,  g lue,  ca rpe t  ). P a i n t i n g  and 

s e a l i n g  agents were of minor  importance. 

The Molhave (1982) s tudy measured emissions o f  o rgan ics  f rom 42 commonly 

used b u i l d i n g  m a t e r i a l s  (see Table C.12). Over 52 d i f f e r e n t  compounds were 

i d e n t i f i e d  (see Table C.13). About 68% o f  t h e  compounds were a l i p h a t i c  o r  

a romat i c  hydrocarbons, and t h e  remainder were ketones, a l coho l s ,  e s t e r s ,  a l d e -

hydes, and ha1 ogenatedal canes. 

Table  C.14 summarizes t h e  measurement r e s u l t s  f o r  each t y p e  o f  b u i l d i n g  

m a t e r i a l .  The emiss ion r a t e s  i n  Columns 3  and 4  represen t  t h e  sum f o r  a l l  

ind i  v i  dual  contami nants de tec ted  o r  i d e n t i f i e d ; speci f ic concent r a t i o n  and 

emiss ion r a t e s  were no t  determined f o r  each contaminant.  The average concen- 

t r a t i o n  f o r  o rgan ic  gases was 3.2 mg/m3, and t h e  average emiss ion r a t e  was 
20.25 mg/m -hr. The t a b l e  a l s o  ca tego r i zed  t h e  p o t e n t i a l  h e a l t h  e f f e c t s  o f  t h e  

compounds i n  t h e  study. About 82% o f  t h e  compounds were suspected i r r i t a n t s ,  

25% were suspected carcinogens, and 30% had odor t h resho lds  below s tudy  

concent r a t i o n s  . 
The t e n  most commonly occ i r r r ing  compounds are l i s t e d  i n  Table C.15. A lso 

shown a re  t h e  compounds found t o  have t h e  h i ghes t  average a i r  concen t ra t i on .  

Toluene, 2-xylene, aod 3-xylene a re  found i n  both ca tegor ies .  

A recen t  s tudy by Lawrence Berke ley Labora to r ies  (LRL) (Hodgson e t  a l .  

1983) suppor ts  t h e  conc lus ions  of t h e  Molhave study (1982). The LBL study a l s o  

i d e n t i f i e d  t h e  contaminants f rom severa l  b u i l d i n g  c o n s t r u c t i o n  and i n t e r i o r -  

f i n i s h  m a t e r i a l s  (Table C.16). These i nc l uded  a  v a r i e t y  o f  f l o o r ,  w a l l ,  and 

c e i l i n g  t rea tments ,  s t r u c t u r a l  o r  i n s u l a t i n g  c o n s t r u c t i o n  m a t e r i a l  s, and adhe- 

s i v e s  (used f o r  bonding carpe ts ,  v i n y l  f l o o r s ,  sub f loo r  assemblies, and o the r  

in i sce l  laneous appl ic a t i o o s ) .  S i x t y - e i  ght  major compounds were i d e n t i f i e d  i n  

t hese  m a t e r i a l s ,  as shown i n  Table C.16. The most f r e q u e n t l y  o c c u r r i n g  com- 

pounds a re  foo tno ted .  Compounds e m i t t e d  by in d i  v i  dual b u i  1  d i  ng cons t  r u c t i  on 

and i n t e r i o r  f i n i s h  m a t e r i a l s  are l i s t e d  by component i n  Table C.17, w h i l e  com-

pounds e m i t t e d  by adhesives a re  1  i s t e d  i n  Table C.18. Many minor  compo~~nds 

were a l s o  i d e n t i f i e d  bu t  they  were not l i s t e d  by Hodgson e t  a l .  (1983) because 



TABLE C.12. The 42 M a t e r i a l s  Stud ied and t h e  C l a s s i f i c a t i o n  
o f  The i r  Normal Use (Molhave 1982) 

-No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
1 7  
18 
19 
20 
21 
22 
23 
24 
25 

Type o f  M a t e r i a l  

P a r t i c l e  board 
P a r t i c l e  board 
P l a s t e r  board 
Calc ium s i  l i c a t e  board 
Seal ing agent 
Sea l i ng  agent 
Seal ing agent 
I n s u l a t i o n  ba tch  
P a r t i c l e  board 
Plywood l i n i n g  
Woodfib e r  board 
T i gh ten ing  f i 1  l e t  
T i g h t e n i n g  f i 1  l e t  
F e l t  ca rpe t  
F e l t  ca rpe t  
Wall paper 
Wal l  paper 
Wal l  paper 
F l o o r  cove r i ng  
Wall and f l o o r  g l ue  
Texture g lue 
F i l l e r  
F i l l e r  
Wall cove r i ng  
F l o o r  cove r i  ng 

F l o o r  cove r i ng  
Wal l pape r  
T i gh ten ing  f i l l e t  
F i b e r  board 
Pai n t  
F l o o r  v a r n i s h  
F l o o r  va rn i sh  
F l o o r  v a r n i s h  
Wall cove r i ng  
Larni nated board 
F l o o r  cove r i  ng 
I n s u l a t i o n  foam 
I n s u l a t i o n  foam 
F l o o r  cove r i ng  
F l o o r  and w a l l  cover ing  
F l o o r  and w a l l  cove r i ng  
Cement f l a g  

Descr i  ti on 

Urea-f ormal dehyde g l  ued 
Urea-formal dehyde g lued  
12 mn, paper-coated 
22.8-mm board 
P l a s t i c ,  compound 
P l a s t i c ,  s i l i c o n e  comp und 
pu t t y ,  s t r i p s  5  x  7 mn9 
Minera l  wool 
Urea-formal dehyde g l  ued 
Teak 
12-mm board 
Neoprene/polyethyl  ene 
Pl  a s t  ic i  zed PVC/polyethene 
Syn the t i c  f i be rs /p l  a s t i c  back ing 
Syn the t i c  f i b e r s  
V iny l  and paper 
V iny l  and g lass f i b e r s  
P r i n t e d  paper 
L i  no1 eum 
Water-based PVA (po l y  v i n y l  a c e t a t e )  
Water-based PVA 
PVA g l  ue/cernent 
Sand, cement, water-based hardener 
Hessian 
Syn the t i c  f i bers/PVC ( p o l y  v i n y l  

Type o f  

Ma te r i  a1 ( a )  


c h l o r i d e )  
Rubber 
PVC foam 
Heat expanding neoprene 
Glass f i b e r  r e i n fo r ced  
Acry l  1  a tex  
Epoxy, c l e a r  
2-component, i socyana te  
Acid hardener 
PVC 
P l a s t i c  
S o f t  p l a s t i c  
Po lys ty rene  
Polyurethane 
Homogeneous PVC 
T e x t i l e  
T e x t i l e  
Concrete 

p o l y e s t e r  

( a )  	 1 - f l o o r  on ly ,  2 - f l o o r  and c e i l i n g ,  3  - w a l l s ,  4  - cas ing,  frames, 
s i l l s ,  5 - sea l ings ,  p u t t y ,  e t c .  

C.37 



TABLE C.13. 

Compound 

A1 kanes 
n-Hexane 
n-Heptane 
n -0c t  ane 
iso-Octane 
n-Nonane 
n-Decane 
n-Undecane 
n -Dodecane 
3-Methylheptane 

A'l kenes 
1-Heptene 
1-Octene 
1-Nonene 
1-Decene 

Terpenes 
a-Pi nene 
A-3 Carene 
L i  monene 

Cycl  ohexanes 

The 52 Compounds I d e n t i f i e d  i n  t h e  A i r  Around 
42 Common Bui 1 d i n g  M a t e r i a l s  (Mol have 1982) 

Compound 

Aromat ic compounds (con td )  
n-Propyl  benzene 
iso-Propy 1 benzene 
1,2,3,4-Tet ramethyl  benzene 
1$3 -D ie thy l  benzene 
n-Pentylbenzene 
Benzal dehyde 
Styrene 
Methyl  s ty rene  

Ketones 
2-Propanone 
2-Butanone 
3 Methyl  2 buthanone 
4 Methyl  2 pentanone 
2 Pentanone 

A1 coho1 s 
Ethanol  
n-Propanol 
n-but an 
n-Pentanol 

E t h y l  methyl  cyclohexane n-Hexanol 
Aromat ic compounds Es te r s  

To1 uene E t h y l a c e t a t e  
2-Xyl ene n -Bu ty l  ace ta te  
3-Xyl ene t e r t  .Rutyl  ace ta te  
4-Xyl ene t e r t  .Rutyl f o r m i a t e  
e thy lbenzene E thoxye thy l  ace ta te  
1,2,4-Trimethy'l benzene A1 de hydes 
1,3,5-Tri met h y l  benzene n-Pentanal 
1,2-Et hy l  methyl  benzene n-Hexanol 
1,3-Ethylmethylbenzene Halogenated A t  kanes 
1,4-Ethylmethyl  benzene 1.2 Di  c h l  o roe thy lene  

t h e y  were assumed t o  be o f  l e s s e r  importance. Emission r a t e s  have n o t  y e t  been 

determined by I-BL f o r  t h e  i n d i v i d u a l  components because o f  t h e  complex i ty  of 

such a s tudy.  

The number o f  v o l a t i l e  compounds va r i ed  g r e a t l y  among t h e  b u i l d i n g  mate- 

r i a l s ,  b u t  t h e  most f r eq t r en t l y  o c c u r r i n g  was d i  h u t y l  p h t h a l a t e  and 2,2,4- 

trimetyl-1,3-pentanedial d i - i - b u t y r a t e .  Toluene, styrene, and a v a r i e t y  o f  

normal and c y c l i c  alkanes were i d e n t i f i e d  i n  t h e  adhesives. Emission r a t e s  f o r  



TABLE C.14. A n a l y s i s  o f  t h e  A i r  Around 42 a1 s ( ~ )  (Mol have Bu i 1 d i n g  ~ a t e r i  

Organic Gases 
Emisslon 

Concentrat Ion Rate 
No.- Type(a' trng/rn31 (mg/m2-ht 

No. of  Contamlnants Suspected Airway Odorous 
Detected i den t i  f led Carcl nogens lrr l t a n t s  Canpounds 

5 7 2 
6 7 
3 3 
4 3 
3 7 
1 1 
0 0 
1 1 
5 6 
0 0 
4 5 
4 4 
0 0 
3 5 
3 5 
2 3 
3 7 
1 1 
1 3 
3 2 
4 10 
1 1 
5 9 
1 0 
3 2 
2 3 
1 6 
1 1 
2 3 
2 3 
3 8 
2 4 
0 3 
2 4 
0 0 
1 0 
2 4 
1 1 
5 15 
5 17 
4 9 
4 7 

(a) Type o t  rnater la1 : C = used ins ide  the  construction; S = used on surface; P = p u t t y  a- seal l ng  canpound. 



TABLE C.15. 	 Ten Most Commoflly Occur r ing  Compounds and Compounds w i t h  
Highest Average A i r  Concen t ra t ion  i n  t h e  42 M a t e r i a l s  
(Mol have 1982) 

Ave rage 
Concent r t ion3Compound ( w / m  ) Frequency 

Most Common 

To1 uene 

n -Deca ne 

1,2,4-Tri met h y l  benzene 

n -Undecane 

3-Xyl ene 

2-Xyl ene 

n-Propy 1 benzene 

E thy l  benzene 

n-Nonane 

1,3,5-Trimet h y l  benzene 

Highest  Ai r Concent r a t i o n  


To1 uene 


3-Xyl ene 


C I o H l 6  ( T e r ~ e n e )  


n -Bu t y l ace ta te  


n-Butanol 


n-Hexane 


4-Xyl ene 


Ethoxyethy l  ace ta te  


n-Hept ane 


2-Xyl erle 


t o t a l  a lkanes and t o l uene  were determined f o r  va r ious  adhesives and ranged f r om 

0.6 t o  60 pg/g-hr f o r  solvent-based products  and 600 t o  800 pg/g-hr f o r  wa te r -  

based products .  

Because b u i l d i n g  mate r i  a1 s and household goods are a necessary consequence 

of t w e n t i e t h  cen tu ry  l i v i n g ,  t h e  o n l y  a l t e r n a t i v e  i s  source c o n t r o l  t o  m i t i g a t e  



TABLE C.16. Major  Compounds Emi t ted by B u i l d i n g  C o n s t r ~ ~ c t i o n  I n f e r i o rand 
F i n i s h  M a t e r i a l s  (Hodgson e t  a l .  1983) 

Mol e c u l  a r 
No. Weight 

1 9 4 
104 
106 
106 
106 
128 
134 
136 
136 
136 
140 
142 
142 
144 
146 
150 
150 
152 
154 
154 
156 
158 
164 
170 
178 
180 
182 
186 
190 
192 
194 
194 
196 
196 
196 
198 
198 
210 
210 
212 
2 18 
222 
224 
226 

Chemical I d e n t i f i c a t i o n  

Phenol 

Styrene 

E thy l  benzene 

-o-Xyl ene 
-m-Xyl ene 
Naphtha1 ene 
Benzene, lmethyl-4-(l-methylethyl ) -
-Pi  nene 
Camphene 
Limonene 
2-Nonenal 
Nonanal 
Napththalene, 1-methyl 
Bu t y l  b u t y r a t e  
2-Ethyl  hexanol 
Thymol 
Phenol, 4 - (1 , l -d imethy le thy1) -
2-Cyclohexen-1-one, 6-methyl -3 - (1 -methy le thy l  ) -
-Terp i  neol 
7-Oxabi cyclo[2.2.1]heptane, 1-methyl -4-( 1 -methy le thy l  ) -
Naphthalene, 1,4-dimethyl-
Benzene, 3-cyclohexen-l-yl -
Benzoic ac id ,  4-(l-methylethyl ) -
2-Hydroxy b i  pheny 1 
Benzene propanoi  c a c i  d, B ,B-dimethyl -
Phenol , (1,l-dimethy lethy l r -4-methoxy-
Benzophenone 
1-Dodecanol 
2-Phenyl octane 
Butanoic  ac id ,  4-(2,5-xyly l  ) -
Dimethyl  ph tha l  a t e  
Benzene, 1,4-dimethoxy-2,3,5,6-tet ramethyl  -
1,4-Benzoquinone, 2,6-bis-( 1 , l - d i m e t h y l e t h y l ) -
Oc ty l  c y c l  ohexane 
Benzene, 1,2-dimethyl ,  4-benzyl -
Phenyl benzoi c a c i d  
n-Tet radecane 
Tony 1 cyc 1 o hexane 
Pent adecene 
-n-Pentadecane 
5-Phenyl decane 
D i e t h y l  p h t h a l a t e  
Decyl c y c l  ohexane 
4-Et h y l  t e t  radecane 



TABLE C.16. ( c o n t d )  

M o l e c u l a r  

No. Weight Chemical I d e n t i f i c a t i o n  


2  26 2-Methyl pentadecane 
226 n-Hexadecane 
232 T-Phenyl undecane 
234 Phenol, 2,6-bis (1,l-dimethylethyl)-4-ethyl-
236 Indane, 1,l ,=rimethyl -3-phenyl-
238 Undecyl cyclohexane 
238 Heptadecene 
240 2-Methyl hexadecane 
240 n  -Heptadecane -
246 Decyl xy lene 

252 Octadecene 

254 n  -0c t  adeca ne 
-
268 P r i s t a n e  
268 n-Nonadecane 
272 Thunbergene (C2 H32 branched c y c l  o a l  kene) 
27 8  Q i  b u t y l  p h t h a l  a!e 
278 D i  -i-hu ty l  p h t h a l  a t e  
282 PhyTa ne 
282 n-Ei cosane -
286 D i  -i-bu ty ra te ,  2,2,4-t r i m e t h y l  -1,3-pentanedi 01 
290 Manoyl o x i d e  
322 2-Butoxyethy l  b u t y l  p h t h a l  a t e  
444 Cyc lohexas i loxane,  dodecamethyl- 
458 Hexasi loxane, te t radecamethy l -

( a )  Most abundant compounds. 

excess ive  emissions.  Stud ies  have shown t h a t  emissions f rom b u i l d i n g  m a t e r i a l s  

decrease g r e a t l y  as t h e  b u i l d i n g  ages (Miksh, H o l l o w e l l  and Schmidt 1982; 

Berglund, Johansson and L i n d v a l l  1982). An i m p o r t a n t  o p t i o n  t o  m i t i g a t i n g  

excess ive  emiss ions i s  a l l o w i n g  new b u i l d i n g s  t o  " d r y  o u t "  u n t i l  emiss ion  r a t e s  

d e c l i n e  t o  accep tab le  l e v e l s .  Other  measures i n c l u d e  1) t e s t i n g  and l a b e l i n g  

p roduc ts ,  2)  s e l e c t i n g  the l e a s t  emiss ive  o r  ha rmfu l  m a t e r i a l s  i n  bu i  1  d i  ny  

des ign,  and 3) i s o l a t i n g  unavo idab le  harmful  p roduc ts  f rom occupants. IJnfor-

t u n a t e l y ,  implement ing some o f  these  measures s t i l l  r e q u i r e s  c o n s i d e r a b l e  R&D 

and t h e  combined e f f o r t s  o f  bu i  1  d i n g  des igners  and c o n t r a c t o r s ,  manufacturers ,  

and government agenci  es (Hodgson e t  a1. 1983). 



TABLE C.17. Compounds Emi t ted by I n d i v i d u a l  Rui l d i  ng Cons t ruc t  i o n  and 
I n t e r i o r  F i n i s h  M a t e r i a l  (Hodgson e t  a l .  1983) 

Sample ID  Mate r i  a1 I d e n t i f i e d  

CS-1 P a r t i c l e  board 19, 25*, 30, 42, 53, 56, 55*, 59, 60*, 62?, 
63,  65?*, [+ 11 unident . ]  

CS -2 Plywood 7, 8*, 9, lo*, 19*, 30*, 60, [+ 5 unident . ]  

CS-3 Cedar 7, 16*, 18, 20, 23, 26* ( 2  i somers) ,  32, 
42-1, [+ 2 un i  dent.  ] 

CI-1 F i  berg1 ass i n s u l a t i o n  None de tec ted  

C 1-2 Polyurethane foam 3*, 4*, 5*, 57*, 60*, 67, [+ 13 un iden t . ]  

IF -1A  Carpet paddi ng 64 

Carpet padding 	 27, 28?*, 37*, 40*, 43?, 53*, 56, 57, 60, 
62, 64*, [+ 10 un iden t .I 

Carpet 	 11, 29, 31*, 37*, 40*, 41, 47,64*, 
[+ 10 un iden t  .] 

V iny l  f l o o r  cove r i ng  	 15, 27*, 36, 40*, 51, 56, 64*, 
[+ 7 u n i  dent.  1 

V i  n y l  f 1  oor  cove r i ng  	 1, 27, 31*, 40, 42, 53*, 56, 57, 60*, 61*, 
62, 64*, [+ 17 un iden t . ]  

Soft w a l l  cove r i ng  	 6, 12, 13, 14*, 21?, 22,  24, 28?, 31, 34,  
35, 37*, 38?, 40*, 42, 43, 44, 45?, 46, 50, 
52, 53, 54, 55?, 56*, 57?, 58, 60, 64, 
[+  31 un iden t  .l 

So f t  w a l l  cove r i ng  	 1, 28, 31*, 35, 37, 40, 42*, 49, 53*, 56*, 
57*, 58, 60, 63, 64, [+ 13 unident . ]  

Wall panel 	 2, 17, 31*, 33, 42, 48, 53*, 57, 60*, 64*, 
66*, 68*, [+ 9 un i  dent .] 

Cei 1 ing panel 	 40k, 46*, 57, 60, 64*, [+ 3 unident . ]  

Cei 1ing panel 	 38, 51*, 53*, 56, 60, [+ 8 un i  dent  .] 
(a )  	 Numbers correspond t o  t h e  compounds l i s t e d  i n  Table C.16. 
( b )  	 * - Most abundant compounds. 

? - I d e n t i f i c a t i o n  uncer ta in .  
I - Impu r i t y .  



TABLE C.18. Compounds Emi t ted  by Adhesives (Hodgson e t  a1 . 1983) 

Adhesive Chemical I d e n t i f i c a t i o n s  


S- 1 To1 uene; s ty rene  


S-2 	 Low-molecular-wei ght a l coho l  s; t o l uene  

S-3 	 To1 uene 

S-6 	 n-Decane ; n-undecane ; CIO-C branched a1 kanes ( 9 t  compounds) ; 
c10 cyc loh~xanes  (4  compoun A S )l 

S-7 	 Methyl cyclopentane; cyc l  ohexane; to1  uene 

W-1 	 -n-octane; n-nonane; C8-C branched a1 kanes ( 7 t  compounds ) ; methyl  
cyclohexane; C8-C9 c y c l o#exanes ( l o t  compounds) 

W -2 	 Same compounds as W - 1  

W-3 	 Toluene; -n-nonane; -n-decane; n-undecane; Cl0-CI1 branched alkanes -
(9+ compounds) ; C10 cyc l  ohexane 

C.3.2 MICROORGANISMS 

As f a r  back as 1546, i t  was speculated t h a t  i n f e c t i o n  and contag ion might  

he caused by i n v i s i b l e  organisms. Lou is  Pasteur, a French chemist, and Robert 

Koch, a German phys ic ian ,  es tab l i shed  t h e  r e l a t i o n s h i p  between microorgani  sms 

and disease by t he  l a t e  n ine teen th  century ,  and i n  1910, C. V. Chapin wrote a 

chap te r  e n t i t l e d  " I n f e c t i o n  by A i r "  i n  h i s  book Sources and Modes o f  I n f e c t i o n s  

(Chapi n 1910). 

C.3.2.1 Ai rborne Microorgani  sms i n  Indoor  Envi ronments 

Hundreds o f  a r t i c l e s  on m i  c roorgan i  sms as a i  rborne po l  1 u t a n t s  have 

appeared i n  t he  p ro fess iona l  j ou rna l s  throughout  t he  t w e n t i e t h  cen tu ry .  The 

Na t i ona l  Research Counci l  (1981h) has a re ference l i s t  o f  94 j o u r n a l  a r t i c l e s  

f o r  i ndoo r  a i r  contag ion and 168 references t o  l ung  diseases and a l l e r g e n s  

d a t i n g  back t o  one i n  1916, "~uman S e n s i t i s a t i o n "  appearing i n  t h e  Journal  o f  

Immunology (Cooke and VanderVeer 1916). 

Dr. F. Marc LaForce (1984), i n  a p resen ta t i on  a t  t h e  3rd I n t e r n a t i o n a l  

Conference on Indoor A i r  Qua1it y  and Cl imate, August 1984, summarized t h e  h i s -  

t o r i c a l  a d v a ~ c e  o f  op in ions  and concepts. Genera l ly  accepted concepts have 



been a r r i v e d  a t  l a r g e l y  f rom landmark i n c i d e n t s  o r  outbreaks. He c i t e s ,  fo r  

example, an a r t i c l e  w r i t t e n  f o r  t he  Journal  o f  Hygiene (1959) concern ing a  con-

t a g i o n  i n c i d e n t  i n  a  t u b e r c u l o s i s  ward i n  t h e  1950s. Another i n c i d e n t  noted by 

Dr. LaForce (1984) was t h e  "Byrd outbreak," an unusual epidemic o f  t u b e r c u l o s i s  

aboard t h e  submarine USS Richard S. Byrd i n  1965-66. The outbreak was a l s o  

in c l  uded i n  t h e  "Hi s t o r y  and Epi demi 01 ogy" segment o f  t he  A i  rborne Contagion 

Conference, December 1980, cha i red  by Ruth 0 .  Kundsin and pub l i shed  i n  Annals 

of New York Academy o f  Sciences (Kundsin 1980). 

The Epidemic I n t e l l i g e n c e  Serv ice a t  t h e  Communicable Disease Centers--now 

t h e  Centers f o r  Disease Contro l  (CDC)--in A t l an ta ,  Georgia, i n v e s t i g a t e d  such 

diseases as h is top lasmosis ,  b r u c e l l o s i s  and i n h a l a t i o n  anthrax i n  t h e  1950s and 

1960s. The CDC's i n v e s t i g a t i v e  study o f  t h e  "Byrd outbreak"  by t h e i r  Env i ron-

mental Hea l th  Serv ices D i v i s i o n  prov ided more i n f o r m a t i o n  than had p r e v i o u s l y  

been a v a i l a b l e  on t h e  epidemiology of t ube rcu los i s .  The s tudy a l s o  t e s t e d  a 

general  l y  he ld  theory  about one mode o f  t ransmiss ion  o f  t u b e r c u l o s i s  - - t h a t  

i n f e c t i o n  was acqu i red  f rom i n h a l i n g  t h e  t u b e r c l e  b a c i l l u s  i n  a  d rop le t -nuc leus  

which had been em i t t ed  i n t o  the  atmosphere. 

The s i g n i f i c a n c e  o f  t he  "Byrd outbreak"  comes from t r a c i n g  t he  paths o f  

i n f e c t i o n  and t h e  r o l e  t h a t  a  c losed environment has on t h e  spread o f  i n f e c -

t i o n .  The conc lus ion  was t h a t  d r o p l e t  n u c l e i  from 2 t o  10 microns were capable 

o f  be ing  r a p i d l y  and evenly  d ispersed throughout  a  c losed environment by t h e  

r e c i r c u l a t i o n  v e n t i l a t i o n  system. Therefore,  d r o p l e t  n u c l e i  may i n f e c t  o the rs  

who have l i t t l e  o r  no con tac t  w i t h  an i n f e c t e d  i n d i v i d u a l .  

There i s  a  poss i  b i  1  it y  t h a t  anyone hav ing  the  t u b e r c l e  bac i  11 us o rgan i  sms 

i n  t h e i r  pulmonary secre t ions ,  whether t h a t  person i s  a c t i v e l y  i n f e c t e d  o r  i s  a 

" c a r r i e r "  showing a  p o s i t i v e  t u b e r c u l i n  s k i n  t e s t  w i t h  a normal chest x- ray,  

may t r ansm i t  t he  i n f e c t i o n  t o  suscep t i b l e  i n d i v i d u a l s .  It i s  a l s o  p o s s i b l e  

t h a t  disease outbreaks o r  contaminat ion can occur i n  resuspended p a r t i c l e s  

which are deposi ted on sur faces such as telephones and headsets, and l a t e r  a re  

d i s t u r b e d  o r  d is lodged and become a i rborne .  The pathogens once again a r e  

i n t r oduced  i n t o  t h e  indoor  a i r  and r e c i r c u l a t e d .  

A i rborne  pathogens present  i n  a  v e n t i l a t i o n  system can be c i r c u l a t e d  and 

i n t r oduced  t o  t h e  indoor  a i r  and subsequently become a  problem as an i ndoo r  a i r  



po l  1u t a n t .  The v e n t i l a t i o n  process can amp1if y  t ransmiss ion  o f  t he  microorgan-

ism and consequent ly the  contaminat ion o f  a i r .  Another s p e c i f i c  example i n  

rnore recent  years was t h e  outbreak of an unknown disease a t  t h e  American Legion 

Convention i n  1976. The v e n t i l a t i o n  system i n  t he  convent ion h o t e l  i n  

Phi  1adel  p h i a  was imp1i c a t e d  i n  t he  t ransmiss ion  and contaminat ion t h e  

disease. The Centers o f  Disease Contro l  i n  A t l an ta  c a r r i e d  ou t  a  massive 

ep idemio log ic  i n v e s t i g a t i o n  o f  t he  myster ious r e s p i r a t o r y  i l l n e s s ,  which i n  

some cases was f a t a l  and i n  o thers  produced an i n f l u e n z a - l i k e  i l l n e s s .  The 

organism causing t h e  i l l n e s s , -, was f i r s t  i d e n t i f i e d  i n  

1977. Several Leg ione l l a  epidemics s i nce  have i m p l i c a t e d  v e n t i l a t i o n  systems 

as sources f o r  o r  modes o f  t r a n s m i t t i n g  t h e  p o l l u t a n t .  

A i rborne  microorganisms have thus been recognized as a f a c t o r  i n  i n d o o r  

a i r  q u a l i t y .  A broad c o l l e c t i o n  o f  algae, bac te r i a ,  f ung i ,  protozoa, m i t es  

(a rachn ids ) ,  and v i r u s e s  presents  a complex and va r i ed  s e t  of p o l l u t a n t s .  They 

a re  capable of p rovok ing  t o x i c i t y ,  i n f e c t i o n ,  and a l l e r g e n i c  responses, dermal 

cond i t i ons ,  and membraneous i r r i t a t i o n s  which de fy  an automat ic  chemical  assay 

o r  n e u t r a l i z a t i o n .  

C.3.2.2 Types o f  Microorganisms 

The types o f  p o l l u t a n t s  i d e n t i f i e d  and cha rac te r i zed  below are r e l e v a n t  t o  

r e s i  d e n t i  a1 i ndoo r  env i  ronments. These microorganisms a r e  p o t e n t i a l  a i  r qua1-
i t y  p o l l u t a n t s  w i t h  p o t e n t i a l  human h e a l t h  concerns under se lec ted  cond i t i ons .  

Algae 

- s imple p l a n t s  t h a t  range i n  s i z e  from microscopic  c e l l s  t o  t h e  

macroscopic seaweed t h a t  people recognize 

- species grown i n  presence o f  f r e s h  water, s a l t  water,  s o i l ,  sand, 

hot  water and even near - f reez ing  h a b i t a t s  

- species p r i m a r i  l y  found i n  t h e  res iden t  environment p r o l i f e r a t e  on 

surfaces t h a t  a re  wet and o f t e n  dark, such as on t he  w a l l  of a 

t o i l e t  f l u s h  tank o r  i n  an a i r  c o n d i t i o n i n g  o r  humid i t y  c o n t r o l  

system 



B a c t e r i a  

- probably  t h e  most f a m i l i a r  t ype  o f  microorganism known t o  t h e  

pub1i c  f o r  causing disease and i 1lness, such as epidemics from 

salmonel 1a, and s t rep tococca l  o r  s taphy lococcal  i n f e c t i o n s  

- innumerable species. 

Fungi 

- p l a n t s  devoid o f  c h l o r o p h y l l ,  thus unable t o  syn thes ize  t h e i r  own 

food (not  a l l  a re  microorganisms) 

- i nc l udes  yeas t  and molds 

- body p a r t s  and spores o f  these organisms can become a i r bo rne  and 

invade t h e  r e s p i r a t o r y  system o f  occupant(s),  caus ing i l l n e s s  o r  a 

d e r m a t i t i s  c o n d i t i o n  may r e s u l t  f rom a funga l  growth on t h e  body, 

i.e., on hands, i n  ears 

- a1l e r g e n i c  r eac t i ons  have a1so been i d e n t i f i e d  

M i t es  

- minute four- legged i nsec t s  o f  t h e  arachnid c l ass  t h a t  i n h a b i t  t h e  

i ndoo r  environment, e i t h e r  i n  dust  o r  on t h e  dander f l a k e s  of p e t s  

and humans 

- e i t h e r  source can become a i r bo rne  and thus  be a p o l l u t a n t  as a 

r e s p i r a t o r y  agent, o r  as a dermal o r  mucus membrane i r r i t a n t  

a Protozoa 

- one-cel 1ed an i  ma1s 

- t h e  most f a m i l i a r  i s  t h e  Amoeba, which i s  best  known as a 

causa t i ve  agent i n  an e n t e r i c  i l l n e s s  known as "amoebic dysentery"  

- some i n h a b i t  f r e s h  water, some can be p a r a s i t i c ,  and some l i v e  i n  

mutual i s t i c  r e l a t i o n s h i p s  

Vi ruses 

- submicroscopic, i n t r a c e l l u l a r  e n t i t i e s  growing i n  l i v i n g  c e l l s  o f  

p l a n t s  o r  animals 



- gene ra l l y  requi  r e  an e l e c t r o n  microscope t o  be observed 

- causa t i ve  agent f o r  diseases such as measles and i n f l uenza .  

C.3.2.3 Human Response t o  Microorganisms 

Some b a c t e r i a l  f l o r a  i s  normal i n  and on our  bodies, as w e l l  as i n  t h e  

atmosphere, and does no t  cause i l l n e s s  ( i s  nonpathogenic) when i n  t h e  " r i g h t  

place."  This assemblage o f  microorganisms i s  seldom t h e  same from one t i m e  t o  

another,  but  i t  cons i s t s  mos t l y  o f  nonpathogenic t oge the r  w i t h  some p o t e n t i a l  

pathogens (organisms capable o f  causing d isease) .  Th is  "normal f l o r a "  performs 

a va luab le  f u n c t i o n  f o r  t h e  body by keeping t h e  numbers o f  p o t e n t i a l  pathogens 

a t  a low l e v e l  by competing success fu l l y  w i t h  them f o r  a v a i l a b l e  n u t r i e n t s .  

However, ifunusual c i rcumstances develop w i t h i n  t h e  body, t h e  f l o r a  i s  

d i s t u r b e d  so t h a t  t he  pathogen concent ra t ion  increases t o  a l e v e l  t h a t  i n i t i -

a tes  a  c l i n i c a l  c o n d i t i o n ;  t h a t  i s ,  t h e  pathogenic  organisms produce d isease  

symptoms i n  t h e  host.  Key c o n t r i b u t o r s  i n  a  microorganism becoming an indoor  

a i  r p o l  l u t a n t  a re  t he  s p a t i a l  and temporal  c o n d i t i o n s  combined w i t h  receptance 

c h a r a c t e r i s t i c s  of occupants ( immunity ) . 
Two fac to r s  are impor tan t  i n  t h e  inc idence o f  a  microorganism becoming a  

p o l l u t a n t  i n  t h e  indoor  a i r  environment. F i r s t ,  some organisms a r e  more v i  r u -  

l e n t  than  others ;  t h a t  i s ,  they "more r e a d i l y  en te r  a  host  and produce a  

d iseased cond i t i on . "  Second, "immunity," o r  t h e  s t a t e  o f  p r o t e c t i o n  t h a t  

i n c l u d e s  a l l  t h e  mechanisms t h a t  p rov ide  res i s tance  t o  some s p e c i f i c  disease, 

v a r i e s  w i t h  i n d i v i d u a l s .  There a re  two p r imary  types  o f  immunity: n a t u r a l ,  o r  

inborn ,  and acquired. Microorgani  sms become v i a b l e  causa t i ve  agents and t hus  

a i  rborne  po l  1  u t a n t s  if a)  c i  rcumstances develop where one o r  more m i  c roorgan-

isms invade t h e  body o f  a r es i den t  who i s  suscep t ib le ,  o r  b )  if immunity i s  

reduced--or no t  even p r e s e n t - - i n  an occclpant who i s  exposed t o  a  m ic roorgan is~n  

o r  s imu l taneous ly  exposed t o  two or more o f  them. A1 l e r g e n i c  responses, t o x i c  

r eac t i ons ,  i n f e c t i o n s ,  and dermal o r  mucous membrane ir r i t a t i o n s  a1 1  a r e  cha r -  

a c t e r i  zed by t h e  i n d i v i d u a l  response t o  exposure, o r  s u s c e p t i b i l i t y ,  as we11 as 

t h e  l e v e l  o f  concen t ra t i on  o f  a p o l l u t a n t .  The t i m e  lapse and accumulated t i m e  

of  exposure, p l us  t he  l o c a t i o n  o r  space which harbors t h e  p o l l u t a n t ,  a re  t he  

b a s i c  a d d i t i o n a l  c o n t r i b u t i n g  f a c t o r s .  



Di f f ic u l t ies in sampl ing and g e t t  ing de f  inab1 e, o r  even qual it a t ive pos i  -
t i v e  r e s u l t s  have de te r red  progress i n  s tudy ing  and ana l yz i ng  p o l l u t a n t s .  

Whi le indoor  chemical p o l l u t i o n ,  a long w i t h  ambient a i  r qual i t y  , has rece i  ved a 

g rea t  deal o f  p u b l i c  i n t e r e s t ,  e f f o r t s  t o  f u l l y  understand, quan t i f y  and qua l  -
i f y  t h e  p o t e n t i a l ,  indoor  b i o l o g i c a l  p o l l u t i o n  have on ly  r e c e n t l y  been of broad 

i n t e r e s t .  H a r r i e t  A. Burge, U n i v e r s i t y  o f  Michigan Medical School, s t a t e s  "The 

a i r bo rne  b i o f l o r a  i s  i n h e r e n t l y  complex and v a r i a b l e  t o  a p o i n t  t h a t  def ies 

q u a n t i f i c a t i o n "  (Gammage and Kaye 1985). She observes t h a t  as many as f ou r  

sampling m d a l i t i e s ,  f o r  ins tance,  would be necessary t o  accu ra te l y  assess t h e  

measurable p a r t i c l e s  f rom a s i n g l e  room i n  a "c lean"  house because i t  may con- 

t a i n  hundreds o f  d i f f e r e n t  k inds  o f  b i o l o g i c a l  p a r t i c l e s  and technology does 

n o t  e x i s t  t o  q u a n t i f y  a1 1 o f  them. 

E igh t y  percent  (80%) o f  the  average person 's  t ime i s  spent indoors but  

because people move from one p lace  t o  another,  n o t  a l l  o f  t h a t  t i m e  i s  neces-

s a r i l y  spent i n  t h e  same indoor  environment. Becal~se o f  t h i s  m o b i l i t y  pa t t e rn ,  

people a r e  no t  on ly  exposed t o  bo th  a c t i v e  and p o t e n t i a l  po l l u tan t s - - chem ica l ,  

r e s p i  r a b l e  suspended p a r t i c u l a t e s  (RSP) , and b i o l o g i c a l  (microorganisms ) 

po l  l u t a n t s - - b u t  o f t e n  a re  exposed s imul taneously  t o  more than one. The e f f e c t s  

of simultaneous exposures are y e t  not  r e a l l y  known. 

C .3.2.4 Host Areas f o r  Microorganisms 

Some epidemics o f  i1 lness  have no secondary spread o f  ( i n f e c t i o n )  i1 l n e s s  

from one person t o  another. An example of t h i s  i s  a b u i l d i n g  outbreak o f  

h y p e r s e n s i t i v i t y  pneumoni t i s ( h u m i d i f i e r  f eve r ) ,  where t h e  source o f  t h e  e t i  01 -
ogy was a b a c i l l u s  species from t h e  h u m i d i f i e r .  O f  t h e  26 occupants, 7 (27%) 

developed t he  pulmonary i l l n e s s  (Kre iss  and Hodgson 1984). The indoor  res iden-  

t i a l  atmosphere has t h e  same p o t e n t i a l  f o r  ha rbo r i ng  o r  h o s t i n g  p o l l u t a n t s  t h a t  

cause both the b u i l d i n g  outbreak type o f  i l l n e s s  and t h e  secondary spread of 

i l l n e s s  from person t o  person. 

Most severe indoor  b i o l o g i c a l  o r  microorganism p o l l u t i o n  problems r e s u l t  

from t h e  growth o f  t h e  o f fend ing  organism on some sur face  w i t h i n  t h e  s t r u c -  

t u re .  Therefore,  these s t r u c t u r e s  ' designs should be examined f o r  p laces where 

p o t e n t i a l  growth cou ld  be supported. The usual subs t ra te  o r  m a t e r i a l s  r e q u i r e d  

f o r  growth are water and a carbon source. A pr imary need i s  o f t e n  a c o n s i s t e n t  



source of mois ture,  and i n  some cases even a h i g h  r e l a t i v e  hum id i t y  i s  s u f f i -

c i  e n t  . Ai r c i  r c u l  ?ting, h e a t i n g  and coo l  ing systems a re  pr ime cand ida tes  f o r  

h a b i t a t s  where microorganisms may pro1 if e r a t e .  Some sources f o r  microorganism 

growth a re  l i s t e d  i n  Table C.19. As shown i n  Table C.19, some systems o r  

TABLE C.19. Bui  1  d i  ng-Related Microorganism Outbreaks 
(Walsh, Dudney and Copenhaver 1984) 

Source E t i o l o g y  Remedi a1 Measures and Comments Author  

Cei 1  i n g  dus t  Amoebae, o t h e r  Modi f i e d  humidi f i e r ;  water run  Edwards 1980; 
organi  sms t o  waste; rep laced  c e i  1  i n g ;  Edwards, 

d iscarded  c a r p e t ;  moved o f f i c e  G r i f f i t h s  and 
workers t o  new b u i l d i n g ;  no Mu1 l i n s  1976 
recur rence  i n  24 months 

Water i n  Thermophi 1  ic Cleaned ductwork- Hales and 
v e n t i l a t i o n  actinomyces Rubin 1979 
ductwork 

Contaminated Amoebae Closed school  and d ispersed Bax te r  1982 
a i r f i 1  t e r s  s t a f f  t o  o t h e r  schools ;  i n  

1 mo. 1 /3  were we1 1 , 2/3 
improved 

Tap water  Undetermined Removed humi d i  f i e r  M i l l e r  e t  a l .  
1976 

Furnace Micropolyspora Removed furnace and humidi f i e r  F i  nk e a1 . 
humi d i  f i e r  faen i  1 ' 3 7 d a j  

Furnace Thermophi 1  ic Removed h u m i d i f i e r  Sweet 
h u m i d i f i e r  . ac t i nomyces e t  a1 . 1971( a  ) 

Hea t ing  o r  Thermophi 1ic Moved f rom contaminated env i  - F i  nk e a1 . 
a i  r condi  - a c t i  nomyces ronment o r  removed contami - 1 9 d a r  
t i on i  ng nated appl  i ance  
systems 

H u m i d i f i e r ,  Cephalosporium Removed h u m i d i f i e r  o r  a i r  Pa t te rson  
a i r  cond i -  i n  1 case; un- c o n d i t i o n e r  e t  a l .  1 9 7 8 ( ~ )  
t i o n e r ,  o r  documented i n  
t a p  water  5 cases 
source 

(a  ) A1 though these a re  documented f rom n o n r e s i d e n t i a l  b u i l d i n g s ,  they  a re  
systems common t o  t h e  newly designed housing. 



places i n  b u i l d i n g s  t h a t  have been known t o  harbor  o r  t r a n s m i t  p o l l u t a n t s  a re  

humidi f i e r s ,  water  i n  v e n t i  1 a t i  on ducts,  a i r  f i l t e r s ,  t a p  water ,  furnace 

h u m i d i f i e r s ,  hea t i ng  and a i r  c o n d i t i o n i n g  systems, and converse ly ,  dus t  

sources, where hum id i t y  would no t  seem t o  be s u f f i c i e n t .  

C.3.2.5 Desi an Considerat ions 

P a r t s  o f  t h e  a i r  system may c o n t r i b u t e  t o  t h e  spread of  a i r b o r n e  micro-  

organisms, some o f  which may be pathogenic. P a r t i c u l a r l y  c r i t i c a l  t o  s topp ing  

t h e  spread o f  a i r bo rne  pathogen by a v e n t i l a t i o n  system are  keeping t h e  fi1-
t e r s ,  ducts, and on-1 ine o r  f ree-s tand ing  hum id i f i e r s  o r  de-humidi f i e r s  c l ean  

and f u n c t i o n i n g  e f f i c i e n t l y .  Any high-humidi  t y  s i t e ,  such as t h e  r e s e r v o i r  i n  

an a i r - t o - a i r  heat exchanger o r  a furnace humid i t y  pan, i s  a h i g h - p o t e n t i a l  

growth area f o r  microorganisms. Ifmicroorganisms are i n t r oduced  t o  indoor  a i r  

i n  any manner and f i n d  compat ib le  c o n d i t i o n s  f o r  growth, t hey  can p r o l i f e r a t e  

and t h e i  r concen t ra t i on  l e v e l  w i l l  increase. 

Humid i ty  c o n t r o l  i s  t h e  s i n g l e  most c o n t r i b u t i n g  component i n  an i n d o o r  

environment t o  discourage, remove o r  lessen t h e  bas ic  requirement fo r  growth of 

most m ic roorgan i  srns (Bu f fa loe  and Ferguson 1976; Pel czar  and Reid 1972). Moi s-  

t u r e  i s  generated i n  residences by people, p l an t s ,  and cooking. A f a m i l y  o f  4 

can generate as much as 5 ga l l ons  o f  mo is tu re  i n  a day (The Energy Business 

Assoc ia t i on  of Washington 1984). The new designs i n  housing des ign o f t e n  do 

no t  spec i  f i c a l  l y  address humid i t y  c o n t r o l .  

Other  areas o f  a b u i l d i n g  are a l s o  impor tant  cons idera t ions  f o r  con-

t r o l  l i n g  microorganisms i n  r e s i d e n t i a l  i ndoo r  a i  r. For example, m ic roorgan i  srns 

around t h e  foundat ion  o f  a house and i n  t h e  i n t r a w a l l  space can be sources of 

i ndoo r  p o l l u t i o n .  Concrete s lab- type  foundat ion  a re  w e l l  s u i t e d  t o  c o n t r o l  

t r a n s f e r  of rnolds i n t o  t he  l i v i n g  area ( P f e i f f e r  1980). The concrete s l ab  

should he on a s u f f i c i e n t  gravel  bed t o  c rea te  adequate drainage, and a sand 

l a y e r  should be on t op  o f  t h e  gravel  t o  p r o t e c t  t h e  p l a s t i c  vapor h a r r i e r .  

Th is  arrangement i s  adequate t o  i s o l a t e  t h e  porous concrete s l a b  f rom t h e  coo l  

mo is tu re  beneath t o  prevent  t h e  concrete from becoming a mol d suppo r t i ng  

incuba to r .  (Molds grow i n  cool  er- temperatured incuberators  than  do bac- 

t e r i a . )  A p l a s t i c  b a r r i e r  shee t ing  t h a t  i s  chemica l l y  s t a b l e  should be used t o  



preven t  po l  1  u t a n t  fumes and gases f rom be ing  discharged. Th i s  f ounda t i on  p re -  

vents  t h e  dus t  and unknown accumulat ion t h a t  can occur  i n  crawlspace o r  p i e r  

and pos t  c o n s t r u c t i o n .  

Each house has a  b r e a t h i n g  process--movement o f  a i r  i n t o  a house, ou t  of 

t h e  house, and through t h e  house w a l l s - - t h a t  occurs  by o t h e r  means than  t h e  

usua l  h e a t i n g  and a i r - c o n d i t i o n i n g  systems and window and door systems. The 

i n t r a w a l l s  can harbor  dust  t h a t  i s  a l l e r g e n i c ,  and a  mold t h a t  i s  unseen can 

grow and have spores d isseminated i n t o  t h e  l i v i n g  area by t h e  pass ing a i r  

c u r r e n t s  w i t h i n  t h e  w a l l s  and vents, e l e c t r i c a l  o u t l e t s ,  e t c .  These may become 

a  h e a l t h  hazard o r  an i r r i t a n t  t o  t h e  h y p e r s e n s i t i v e  r es i den t .  
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APPENDIX D 

HEALTH IMPACTS OF SELECTED AIR POLLUTANTS 

I n  t h i s  appendix t h e  h e a l t h  impacts o f  t h e  f i v e  r e s i d e n t i a l  i n d o o r  a i r  


p o l l u t a n t s  t h a t  have been t h e  most tho rough ly  s t ud ied  f o r  t h e i r  impacts on 


human h e a l t h  a r e  discussed: p a r t i c u l a t e  mat te r ,  carbon monoxide, n i t r o g e n  


d i o x i d e ,  formaldehyde, and radon. 


D.1. PARTICULATE MATTER 

Th is  s e c t i o n  discusses t h e  p o p u l a t i o n  groups s e n s i t i v e  t o  p a r t i c u l a t e  mat- 

t e r ,  t h e  sho r t - t e rm  and long- term e f f e c t s  o f  t h e  p o l l u t a n t ,  and t h e  recommended 

ou tdoor  s tandard  f o r  p a r t i c u l a t e  mat ter .  

D.1.1 S e n s i t i v e  Popu la t i on  Groups 

One of t h e  major cons ide ra t i ons  f o r  s e t t i n g  a i r  q u a l i t y  s tandards i s  t h e  

p r o t e c t i o n  of s e n s i t i v e  popu la t i on  groups, who a r e  most l i k e l y  t o  be a f f e c t e d  

by i ndoo r  a i r  p o l l u t a n t s .  Table D.l summarizes va r i ous  s e n s i t i v e  p o p u l a t i o n  

subgroups, and a l s o  p rov ides  t h e  r a t i o n a l e  and suppo r t i ng  ev idence on h e a l t h  

e f f e c t s  of p a r t i c u l a t e  mat te r .  S tud ies  based on lower  l e v e l s  o f  community 

exposures and o t h e r  sources suggest t h a t  some segments of t h e  p o p u l a t i o n  may be 

a t  h igher- than-average r i s k .  These i n c l u d e  c h i l d r e n ,  asthmat ics ,  smokers, 

o b l i g a t o r y  mouth b rea thers  and persons w i t h  pneumoconiosis o r  i n f l u e n z a .  

Because much i n d i v i d u a l  v a r i a t i o n  e x i s t s  among subgroups, a t  any g iven  l e v e l  of 

p a r t i c u l a t e  ma t t e r ,  c h i l d r e n  may no te  o n l y  symptomatic i r r i t a t i o n ,  w h i l e  mem- 

bers  of o t h e r  subgroups o r  o the rs  i n  t h e  subgroup may s u f f e r  d e t e r i o r a t i o n  of 

r e s p i  r a t o r y  f u n c t i  on. 

Resu l t s  f rom t h e  U.S. Na t iona l  Hea l th  I n t e r v i e w  Survey f o r  1970 i n d i c a t e  

t h a t  ch ron i c  r e s p i  r a t o r y  disease comprises 10% o f  a1 1  c o n d i t i o n s  caus ing  d i  sa-  

b i  1  it y  o f  one week o r  more [U.S. Department o f  Heal th,  Educat ion and We1 f a r e  

(DHEW) 19731. I n  1970, t h e r e  were about 6.5 m i l l i o n  ch ron i c  b r o n c h i t i c s ,  

6.0 m i l l i o n  asthmat ics ,  1.3 m i l l i o n  i n d i v i d u a l s  w i t h  emphysema and about 



TABLE D.1. S e n s i t i v e  Popul a t  i o n  Subgroups t o  P a r t  i c u l  a t e s  (EPA 1982) 

Subgroup Popu la t lon  Estimates Rat ionale (o r  C r i  t e r l a )  	 ~ s e r v a t i o n a l / A s s o c l a t i o n sSupporting Increased S e n s l t l v l t y  

Individual$ w i t h  1.8OO.000 (MIEW. 1913) -Mucus hypersecret ion and blocked Many o f  the deaths and i l l n e s s e s  dur ing  and a f t e r  a i r  p o l l u -  

ch ron ic  airways m y  predispose individuals t i o n  episodes were among people WI
t o  t h  p r e - e r l s t l n g  o b s t r u c t l v e  
o b s t r u c t i v e  bronchospam diseases (Ministry o f  Heal th.  1954; Mar t in .  1964; Lawther 
pulmonary diseases etc..1970; M a r t i n  and Bradley. 1960) . B r o n c h l t l s  -En1 arqed airspaces increase b lood  
.Bronch iec tas is  f low i e s l s t a n c e  through the pulmonary 
. Emphysema c a p i l l a r y  nctwork. inc reas ing  card lac  


s t ress  

I n d i v i d u a l s  w i t h  16,100,WO (DCC. 1980) -Enhanced sensi t i v l t y  t o  d i  f  f i c u l  t i t s  Many deaths and h o s p i t a l  l z a t l o n s  d u r l n g  p o l l u t i o n  eplsodes 

card iovascu la r  i n  b rea th lng  among cardiovascular  p a t i e n t s  ( M i n i s t r y  o f  Health. U.L.. 

dlsease 1954; Martin. 1964) 


---- -	 - - - ~- ~ 

I n d i v i d u a l s  w i t h  Unknown -Increased s e n s i t i v i t y  o f  r e s p i r a t o r y  	 In f luenza  p a t i e n t s  were more s e n s i t i v e  t o  NaNO3 d u r i n g  t h e i r  
In f luenza  e p i t h e l  im ( U t e l l  etf i . ,  1980) 	 per iod  o f  s ickness (Ute11 e t  fi.. 19801. 


Highest  m o r t a l i t y  dur lng  1X luenza  epidemic on days w i t h  

h ighes t  PH. (Mar t ln  and Bradley. 1960). 


Asthaat lcs 6,000,000 (OHN. 1913) -Hyperrcact lve a l w a y s  IBoushey e t l , .  S u l f u r i c  a c i d  enhanced response t o  b r o n c h o c o n s t r i c t ~ v e  agent 
1980) i n  asthmatics. n o t  i n  normals (Ute11 e t  al.. 1981) 

E l d e r l y  24,658,000 -Reduced lung  e l a s t l c l t y  (Cotes. 1979) -Many o f  the deaths and i l l n e s s e s  dur ing  a i r  p o l l u t i o n  
>65 years o l d  eplsodes were among e l d e r l y  ( M l n l s t r y  o f  Health. 1954; 
(DOC. 1980) -1mnrnological ly  d e f i c i e n t  M a r t i n  and Bradley. 1960; Grecnburg etf i . .  1962). 

Ch i ld ren  46 300,OO -Imnunological imnatur i t y  i m p l l e s  -Increased acute respiratory dlsease 4 t h  h l  h p a r t l c l e s .  

> i 4  years o l d  diminished p r o t e c t i o n  (Elsen, 1916) SO, (Lebowltz fit. . 1972; Douglas and Wa!ler. 1966) 


[DOC. 1980) 

-Childhood resp i ra  t o r y  i n f e c  t l o n  migh t  -E f fec ts  o f  acute r e s ~ i r a t o r v  dlsease acaulred d u r l n a  c h l l d -  
prevent the lungs from reach ing  t h e i r  hood persisted u n t i l .  adole<cence o r  youn adulthood-
f u l l  s i ze  a t  m a t u r i t y  (Bouhuys. 1917: ( t o l l e y  st. . 1973; t i e r n a n  fit. . 99161. 
Spelzer fit.. 1980) 

-Chi ldren l i k e l y  t o  spend a g rea te r  
amount o f  t ime outdoors and t o  be 
more act ive.  Probably h igher  v e n t i -  
l a t l o n  r a t e s  and thus, increased 
i n h a l a t i o n  o f  p o l l u t a n t s .  

Smoker's  50,000.000 IMIEU. 1917) -Urhan lung  cancer i n  smokers g rea te r  -Frequency o f  r e s p i r a  t o r y  symptoms and dlseases g rea te r  I n  
(Do l l .  1918) smokers exposed t o  same occupat lnnal  o r  cornun i ty  p o l l u t l o n  

as non-snokers (Lambert and Reld, 1910; NIOSH. 1976). 
-Comhfnations o f  PM and carclnogens 
may enhance response 

-Increased t racheobronchial  depos l t lon  
( A l b e r t  CC , 1'373) 

Mouth o r  oronasal 15% of  popu la t ion  -Increased p a r t i c l e  penet ra t ion  

breathers (Nllnlmaa e t  a l .  1981; (CD. p. 11-20] 


Salbene ~x,.i g 7 8 )  



10 m i l l i o n  a d u l t s  w i t h  hea r t  d isease severe enough t o  l i m i t  a c t i v i t y  (DHEW 

1973). These a r e  rough est imates s i n c e  some surveys have repo r t ed  h i g h e r  

f i g u r e s  depending on age, sex, and t h e  d e f i n i t i o n  o f  d isease t h a t  i s  used. 

L i m i t e d  p h y s i o l o g i c a l  s t ud ies  suggest t h a t  about 15% o f  t h e  p o p u l a t i o n  a r e  

h a b i t u a l  mouth o r  oronasal  b rea thers  (Sai bene e t  a1 . 1978; Ni in imaa e t  a1 . 
1981). (Anyone may t e m p o r a r i l y  sw i t ch  t o  mouth b rea th i ng  d u r i n g  exe rc i se ,  

i l l n e s s ,  o r  conversat ion. )  

Al though t h e r e  a re  about 50 m i l l i o n  smokers, t h e  number of people a t  a 

h i  gher- than-expected r i s k  because o f  smoking may a l s o  i n c l u d e  c h i l d r e n  1  i v i n g  

w i t h  smokers, and ex-smokers (DHEW 1977). I n  a d d i t i o n ,  some workers who a re  

o c c u p a t i o n a l l y  exposed t o  dusts  might  become more suscep t i b l e  t o  r e s i d e n t i a l  

p a r t i c u l a t e  p o l l u t i o n ,  even i f  they a r e  not  c l a s s i f i e d  as hav ing r e s p i r a t o r y  

d isease.  The more s e n s i t i v e  i n d i v i d u a l s ,  however, o f t e n  do n o t  remain i n  such 

env i  ronments (Morgan 1978). 

D.1.2 Short-Term I m ~ a c t s  

Rased on e v a l u a t i o n  o f  ep idemio log ica l  s t u d i e s  on p a r t i c u l a t e  mat ter ,  t h e  

Environmental  P r o t e c t i o n  Agency (EPA) (1982) presented i t s  assessment o f  con-

c e n t r a t i o n  l e v e l s  a t  which shor t - te rm h e a l t h  e f f e c t s  might be expected 

(Tab le  0.2). The lowest  p o l l u t a n t  l e v e l s  o f  i n t e r e s t  i n  t he  sho r t - t e rm  s t u d i e s  

TABLE D.2. S t a f f  Assessment o f  Shor t  -Term Ep idemio log ica l  S tud ies  (EPA 1982) 

Equiva 1  e n t  T P $ ~  
Measured B r i t i s h  Smoke Leve ls  (pg/m3) Levels  (pg/rn )-

E f f e c t s /  D a i l y  Morta i y Aggravat io Combi ned 
Study i n  London I b j  Bronchit i sI c y f  Range Combi ned Range (d  

E f f e c t s  
L i k e l y  500-1000 250*-500* 250-500 360-600 

E f f e c t s  
Poss ib l e  150*-500 

* I n d i c a t e s  l e v e l s  used f o r  upper o r  lower  bound o f  range. 
( a )  	 TP: t h o r a c i c  p a r t i c l e s  l e s s  than  a  nominal 10 pm. 
( b )  	 M a r t i n  and Brad ley 1960; Ware e t  a l .  1981; Mazumdar, Schimmel and H igg ins  

1981. 
( c )  	 Lawther, Wa l le r  and Henderson 1970. 
( d )  	 Boundary assumptions f o r  e s t i m a t i  ng TP l e v e l s  from B r i t i s h  smoke read ings  

d e t a i l e d  i n  EPA (1982). 



were 150 t o  500 pg/m3 ( B r i t i s h  smoke) and 150 t o  500 pg/m3 (SO2) (based on 

m o r t a l i t y  s t u d i e s ) ,  and 250 pg/m3 ( ~ r i t i s h  smoke) and 500 pg/m3 So2 (based on 

t h e  b r o n c h i t i c  s t ud ies ) .  On p a r t i c l e s  EPA s t a f f  made t h e  conse rva t i ve  assump- 

t i o n  t h a t  s i m i l a r  responses might  have occur red  wi, thout s u b s t a n t i a l  amounts o f  

SO2 p resen t  (EPA 1982). 

D.1.3 Long-Term Impacts 

Table D.3 i s  an EPA S t a f f  assessment o f  t h e  l e v e l s  o f  i n t e r e s t  d e r i v e d  

from t h e  most u s e f u l  long- term ep idem io log i ca l  s t u d i e s  (€PA 1982). Based on 

t h e i r  assessment, l e v e l s  o f  i n t e r e s t  f o r  e f f e c t s  measured i n  these  s t u d i e s  a re  

as f o l  1  ows: 1) decreased 1  ung f u n c t i o n  and inc reased  acute r e s p i  r a t o r y  d isease  

i n  c h i l d r e n  may occur  a t  l e v e l s  below 230 pg/m 3 B r i t i s h  smoke (Lunn, Knowelden 

and Handyside 1967); 2)  decreased l u n g  f u n c t i o n  i n  a d u l t s  may occur  a t  TSP 

l e v e l s  as low as 140 t o  180 pg/m3 (Bouhuys, Beck and Schoenberg 1978) ; and 

3)  some r i s k  o f  increased r e s p i r a t o r y  d isease  and/or symptoms i n  a d u l t s  may 

e x i s t  a t  l e v e l s  o f  110 t o  180 pg/m3 TSP (Bouhuys, Beck and Schoenberg 1978; 

F e r r i s  e t  a l .  1973). 

D.1.4 Recommended Outdoor Standard f o r  P a r t i c u l a t e  Ma t t e r  

S e l e c t i n g  a  l e v e l  w i t h  an adequate marg in  o f  s a f e t y  f o r  a  s tandard  f o r  

p a r t i c u l a t e  ma t t e r  w i l l  i n v o l v e  severa l  u n c e r t a i n t i e s  i n  a d d i t i o n  t o  t hose  

i n v o l v e d  i n  making judgments on h e a l t h  r i s k s  assoc ia ted  w i t h  o t h e r  p o l l u t a n t s  

such as CO and SO2. Ep idemio log ica l  s t u d i e s  a r e  gene ra l l y  sub jec t  t o  seve ra l  

i n h e r e n t  d i f f i c u l t i e s  i n v o l v i n g  confounding va r i ab l es  and somewhat l i m i t e d  

s e n s i t i v i t y .  Most s t ud ies  have used B r i t i s h  smoke [a pseudo mass i n d i c a t o r  

r e l a t e d  t o  smal l  p a r t i c l e  (<4.5 pm darkness) ]  o r  t o t a l  suspended p a r t i c u l a t e s  

(TSP) (<25-45 pm) as p a r t i c l e  i n d i c a t o r s .  

The c u r r e n t  1J.S. s tandard has been based on TSP l e v e l s  measured by h i gh -

volume sampler. However, t h i s  TSP standard might  have d i r e c t e d  c o n t r o l  e f f o r t s  

towards p a r t i c l e s  o f  lower  r i s k  t o  h e a l t h  because i t  i nc l uded  l a r g e r  p a r t i c l e s  

which can dominate t he  measured mass c o n c e n t r a t i o n  and which a re  depos i t ed  o n l y  

i n  t h e  e x t r a t h o r a c i c  region. Thus, t h e  EPA s t a f f  has recommended a  new p a r -

t i c l e  i n d i c a t o r  r ep resen t i ng  p a r t i c l e s  capable  o f  p e n e t r a t i n g  t h e  t h o r a c i c  

reg ions ,  de f ined  as t h e  p a r t i c l e  s i z e  l e s s  than  a  nominal 10 pm (€PA 1982). 



TABLE 0.3. S ta f f  Assessment o f  Long-Term Epidemiologica l  Studies (EPA 1982) 

Measured BS E q u i v a l e n t  Tg 
Leve l s  (as  pg/m Measured TSP Leve ls  L e v e l s  ( ~ g / m  1 

Study /E f f ec t  	 Increased Resp i ra to ry  Inc reased Resp i r a to r y  Inc reased Respl r a t g r y  Comblned Combi ded 
Dlsease, Reduced Lunp Dlsease Symptoms. Symptoms i n  Adu l t s  Range Range 
Func t i on  I n  Ch l l d ren  Small Reduct ion in2Lung 

Func t i on  1n Adu l t s  

E f f e c t s  L l k e l y  230-300 BS 180* 	 -- -> 180 90-110 

E f f e c t s  Poss i b l e  < 230 BS 	 130-lRO* 60-150 ( l l O f )  110-180 55-110 

.3 No Significant 
vl E f f e c t s  Noted 

* I nd i ca tes  l e v e l s  used f o r  upper o r  lower  bound o f  range. 

'Study conducted i n  She f f i e l d ,  	 e t  al . ,  England (Lunn -- 1967). 


'Studies conducted i n  Be r l i n ,  NH ( F e r r i s  -- 1973,
e t  al . ,  1976). 


3 ~ t u d y  conducted l n  Ansonla, CT (Bouhuys e t  al . ,  
-- 1978) 


4 ~ o n v e r s l o n  assumes range o f  TP/TSP o f  0.5 t o  0.6. 




As a  r e s u l t  o f  t h e  EPA s t a f f  r i s k  assessment (EPA 1982) o f  ep idemio l  og i  c a l  

s t ud ies ,  t h e  f o l l  owing ambient a i r  qua1 i t y  s tandards f o r  t h o r a c i c  p a r t i c l e s  

(TP) have been recommended: 

24-hour s tandard 150-350 pg/m 3 

annual s tandard 55-110 pg/m3 

The upper end o f  t h e  above range may c o n t a i n  no i d e n t i f i a b l e  marg in  o f  

sa fe ty ;  however, n e i t h e r  t h e  s t ud ies  summarized i n  Tables D.l and D.2 nor  t h e  

e f f e c t s  i n  c o n t r o l  l e d  human s tud ies  p r o v i d e  s c i e n t i f i c  suppor t  f o r  h e a l t h  r i s k s  

o f  consequences below t h e  lower  end o f  t h e  above range. 

D.2 CARBON MONOXIDE 

On Ap r i  1  30, 1971, t h e  Envi ronmental . P r o t e c t i o n  Agency promul ga ted  

n a t i o n a l  ambient a i r  q u a l i t y  standards (NAAQS) f o r  CO a t  l e v e l s  of  9  p a r t s  pe r  

m i l l i o n  (ppm), 8-hour average, and 35 ppm, 1-hour average, n e i t h e r  t o  be 

exceeded more than  once pe r  year .  I n  J u l y  1984, an EPA s t a f f  paper was pub-

l i s h e d  d e s c r i b i n g  t h e i r  e v a l u a t i o n  o f  t h e  key s t u d i e s  and s c i e n t i f i c  i n f o r -

mat ion on CO and t h e i r  recommendation on t h e  p o s s i b l e  r e v i s i o n  o f  t h e  c u r r e n t  

p r ima ry  and secondary NAAQS fo r  CO. Th is  s e c t i o n  summarizes t h a t  EPA S t a f f  

paper (EPA 1984). 

D.2.1 S e n s i t i v e  Popu la t i on  Groups 

Table D.4 b r i e f l y  summarizes t h e  r a t i o n a l e  f o r  t h e  judgments t h a t  these 

groups are more l i k e l y  t o  be a f f e c t e d  by low- leve l  CO exposures and p resen t s  

p o p u l a t i o n  es t imates  f o r  each group. For most o f  t h e  groups l i s t e d  i n  

Table  D.4, t h e r e  i s  l i t t l e  s p e c i f i c  exper imenta l  evidence t o  c l e a r l y  demon- 

s t r a t e  t h a t  they a re  a t  increased r i s k  f o r  CO-induced h e a l t h  e f f e c t s .  However, 

i n d i v i d u a l s  w i t h  p r e - e x i s t i n g  i l l n e s s e s  o r  p h y s i o l o g i c a l  c o n d i t i o n s  which 1  irni t 

oxygen abso rp t i on  i n t o  b lood o r  i t s  t r a n s p o r t  t o  body t i s sues  would be expected 

t o  be more s u s c e p t i b l e  t o  t h e  hypox ic  ( i  .e., oxygen s t a r v a t i o n )  e f f e c t s  o f  CO. 

I n  t h e  EPA s t a f f ' s  judgment, t h e  a v a i l a b l e  h e a l t h  e f f e c t s '  ev idence s t i l l  

suggests t h a t  persons w i t h  angina, p e r i p h e r a l  vascu la r  disease, and o t h e r  t ypes  



TABLE 0.4. S~mnary o f  P o t e n t i a l  l y  Sens i t i ve  Popul a t i o n  ~ r o u ~ s ( ~ )  (€PA 1984) 

Group Rat iona le  
Popu la t ion  
E s t t m t e s  

Percent  o f  
Popu la t ion  Reference 

Coronary Heart 
Disease 

Anderson e t  a l .  (1973 suggests 
reduced t ime u n t i l  onse t  o f  
exerc ise- induced angina i n  
2.9 - 4.52 COtlb range 

7.9 m i l l t o n  
( I n  1979) 

5.0 ( o f  the  a d u l t  
p o p u l a t i o n )  

DHEM, 1975 

. Angina P e c t o r i s  6.3 m i l l i o n  
( i n  1979) 

4.0 (o f  the  a d u l t  
popu la t ton )  

Chronic Obs t ruc t l ve  
Pulmonary Diseases 

. B r o n c h i t i s  . Emphysema. Asthma 

Reduced reserve c a p a c i t i e s  f o r  
dea l ing  w i t h  ca rd iovascu la r  
s t resses and a1 ready reduced 
oxygen supply i n  b lood  1  i k e l y  
t o  hasten onset  o f  h e a l t h  
e f f e c t s  assoc ia ted  w i t h  CO-
induced hypoxla. 

6.5 m i l l i o n  (1970) 
1.5 m i l l t o n  (1970) 
6.0 m t l l t o n  (1970) 

3.3 
0.7 
3.0 

DHW, 1973 

Fetuses and 
Young I n f a n t s  

/ 

Several anlmal s t u d i e s  (Longo, 
1977) r e p o r t  d e l e t e r i o u s  e f f e c t s  
I n  o f f s p r t n g  (e.g., reduced 
b i r t h  weight, increased newborn 
m o r t a l i t y .  and lower behav io ra l  
a c t i v i t y  l e v e l s ) .  

3.1 m i l l t o n  l i v e  
b t r t h s / y e a r  (1975) 

OHDI, 1978 

P e r n i c i o ~ ~ san4 
Def ic iency  Anemias 

Oxygen-carrying c a p a c i t y  due 
deformed r e d  b lood  c e l l s  i s  
a l ready reduced i n c r e a s i n g  1  l k e l  i-
hood o f  CO-induced hy o x i a  e f f e c t s  
a t  lower CO exposure r e v e l s  than 
f o r  non-anemic I n d i v i d u a l s .  

.15 m i l l t o n  
(1973) 

0.07 

Per iphera l  
Vascular Disease 

Aronow e t  a l .  (1974) suggests 
reduced t ime u n t i l  onse t  o f  
exercise-induced l e g  p a i n  a f t e r  
exposure t o  CO. 

0.75 m i l l i o n  
( i n  1979) 

0.3 OHEW, 1974 

E l d e r l y  CO exposures may inc rease  
s u s c e p t i b t l i  t y  o f  e l d e r l y  
i n d i v i d u a l s  t o  o t h e r  
ca rd iovascu la r  s t resses  due 
to .  a l ready reduced reserve  
c a p a c i t i e s  t o  m a i n t a i n  
adequate oxygen supply t o  
body t i ssues .  

24.7 m i l l t o n  
65 years  o l d  

WC, 1980 

aAl l subgroups l i s t e d  a re  n o t  necessar t l y  s e n s i t i v e  t o  CO exposure a t  low l e v e l s .  



of ca rd i ovascu la r  d isease a re  t h e  group a t  g r e a t e s t  r i s k  f rom l ow- l eve l  , 
ambient exposures t o  CO. This judgment i s  based p r i n c i p a l l y  on t h e  Anderson 

e t  a1 . (1973) study, which i n d i c a t e s  t h a t  i n d i v i d u a l s  w i t h  angina may be 

a f f ec ted  a t  carboxyhemoglobin (COHb) l e v e l s  r ang ing  from 2.9% t o  4.5%. I n  

a d d i t i o n ,  w h i l e  t h e r e  i s  l e s s  conf idence i n  t h e  r e s u l t s  repor ted  i n  Aronow e t  

a1. (1974), t h a t  s tudy s t i  11 suggests t h a t  i n d i v i d u a l s  w i t h  p e r i p h e r a l  vascu la r  

d isease  may be a t  r i s k  f rom ambient exposures t o  CO. 

D.2.2 Reported E f f e c t s ,  Leve ls  o f  E f f e c t s  and S e v e r i t y  of Effe& 

Table D.5 summarizes key c l i n i c a l  s t ud ies  r e p o r t i n g  human h e a l t h  e f f e c t s  

assoc ia ted  w i t h  l ow - l eve l  exposures t o  CO. Th is  t a b l e  i s  based on ev idence 

d iscussed  i n  t h e  1979 C r i t e r i a  Document (EPA 1979) and i n  t h e  D r a f t  ~ d d e n d u m ( ~ )  

bu t  exc ludes a  s e r i e s  o f  s t ud ies  by Dr. Aronow (1974) because o f  problems t h a t  

s u b s t a n t i a l l y  l i m i t  t h e  v a l i d i t y  and use fu lness  o f  t h e  Aronow s tud ies  

(Horva th  e t  a1 . 1983). 

The lowes t  observed CO exposure l e v e l  s  t h a t  produce human h e a l t h  e f f e c t s  

have been r e p o r t e d  i n  s t ud ies  i n v o l v i n g  i n d i v i d u a l s  s u f f e r i n g  from c h r o n i c  

angina p e c t o r i s .  Angina p e c t o r i s ,  commonly r e f e r r e d  t o  as angina, i s  a  symptom 

of  c a r d i o v a s c u l a r  s t r e s s  i n  which m i l d  e x e r c i s e  o r  exc i tement  can produce p r e s -  

su re  o r  p a i n  i n  t h e  chest  because o f  i n s u f f i c i e n t  oxygenat ion of hea r t  muscle. 

D.2.3 R e l a t i o n s h i p  Between CO Exposure and COHb Leve ls  

The h e a l t h  e f f e c t  s t ud ies  d iscussed above r e p o r t  t h e  e f f e c t s  observed a t  

v a r y i n g  COHb l e v e l s .  To se t  ambient CO s tandards based on these s tud ies ,  t h e  

ambient concen t ra t i ons  o f  CO t h a t  a re  l i k e l y  t o  r e s u l t  i n  COHb l e v e l s  a t  o r  . 

near  those  observed i n  t h e  s tud ies  must be es t imated .  A  model known as t h e  

Coburn equa t ion  (Coburn, F o r s t e r  and Kane 1965) has been developed t o  e s t i m a t e  

COHb l e v e l s  r e s u l t i n g  f rom CO concen t ra t i ons  as a f u n c t i o n  o f  t ime  ~ n dva r i ous  

p h y s i o l o g i c a l  f a c t o r s  (e.g., b lood  volume, endogenous CO p roduc t ion  r a t e ) .  

( a )  	 EPA. 1983 ( d r a f t ) .  "Revised Eva lua t i on  o f  Hea l th  E f f e c t s  Assoc ia ted w i t h  
Carbon Monoxide Exposure: An Addendum t o  t h e  1979 EPA A i r  Q u a l i t y  
C r i t e r i a  Document f o r  Carbon Monoxide." Research T r i a n g l e  Park, Nor th  
Caro l ina .  



TABLE D.5. Lowest Observed E f f e c t  L e v e l s  f o r  Human H e a l t h  E f f e c t s  A s s o c i a t e d  
w i t h  Low-Level Carbon Monoxide Exposure (EPA 1984) 

E f f e c t s  

S t a t i s t i c a l l y  s i g n i f i c a n t  decreased 
( - 3  - 76) work t ime  t o  exhaust ion 
i n  e x e r c i s i n g  young heal t hy  men 

S t a t i s t i c a l l y  s i g n i f i c a n t  decreased 
exe rc i se  capac i t y  ( i .e., shortened 
d u r a t i o n  o f  exe rc i se  be fo re  onset  o f  
pa in )  i n  p a t i e n t s  w i t h  angina p e c t o r i s  
and increased d u r a t i o n  o f  angina a t t a c k s  

S t a t i s t i c a l l y  s i g n i f i c a n t  decreased 
maximal oxygen consumption and 
exe rc i se  t ime  d u r i n g  strenuous 
exe rc i se  i n  young hea l thy  men 

No s t a t i s t i c a l l y  s i g n i f i c a n t  
v i g i l a n c e  decrements a f t e r  
exposure t o  CO 

S t a t i s t i c a l l y  s i g n i f i c a n t  impairment 
o f  v i g i l a n c e  tasks  i n  heal t h y  
exper imental  sub jec ts  

S t a t i s t i c a l l y  s i g n i f i c a n t  d i m i n u t i o n  
of v i s u a l  percept ion ,  manual d e x t e r i t y ,  
a b i l i t y  t o  l ea rn ,  o r  performance i n  
complex sensor imotor  tasks  
(such as d r i v i n g )  

S t a t i s t i c a l l y  s i g n i f i c a n t  
decreased maximal oxygen 
consumption d u r i n g  strenuous 
exe rc i se  i n  young heal t h y  men 

COHb concen t ra t i on  
(Percent 1 References 

2.3 - 4.3 Horvath  e t  a1 ., 1975 
Dr inkwater  e t  a1 ., 1374 
Raven e t  a1 ., 1974 

2.9 - 4 .5  Anderson e t  a1 ., 1973 

5 - 5.5 	 K l e i n  e t  a1 ., 1980 
Stewar t  e t  a l . ,  1978 
Weiser e t  a1 ., 1980 

Re1 ow 5 	 Haider e t  al . ,  1976 
Winneke, 1Q73 
Chr is tensen e t  a l . ,  1977 
Benignus e t  a l . ,  1977 
Putz e t  a l . ,  1976 

5 - 7.6 	 Horvath  e t  a1 ., 1'971 
Grol l-Knapp e t  a1 ., 1972 
Fodor and Winneke, 1972 
Putz e t  a l . ,  1376 

5 - 17 	 Bender, e t  a l . ,  1971 
Schul te ,  1973 
O'Donnel l  e t  a1 ., 1971 
McFarl and e t  a1 ., 1044 
McFarland, 1973 
Putz e t  a l . ,  1976 
Sa lva tore ,  1974 
Wr igh t  e t  a1 ., 1973 
Rockwell and Weir, 1975 
Rurnrno and S a r l a n i s ,  1974 
Putz e t  a:. , 1979 
Putz, 1079 

7 20 	 Ekblom and Huot, 1972 
P i rnay  e t  al . ,  1971 
Vogel and Gleser, 1'972 

aThe p h y s i o l o g i c  norm ( i  .e., COHb l e v e l s  r e s u l t i n g  f rom t h e  normal ca tabo l i sm o f  
hemoglobin and o t h e r  heme-containing m a t e r i a l  s) has been es t imated t o  be i n  
t h e  range o f  0.3 t o  C.7 percent  (Coburn e t  a1 ., 1963). 



Table D.6 presents  base1 ine es t ima tes  (a t y p i c a l  s e t  o f  p h y s i o l o g i c a l  parame-

t e r s  was used)  o f  COHb l e v e l s  expected t o  be reached by nonsmokers exposed t o  

va r i ous  cons tan t  concen t ra t i ons  of CO f o r  e i t h e r  1 o r  8  hours, based on t h e  

Coburn model. The es t imates  a re  based on v a r i a t i o n s  i n  p h y s i o l o g i c a l  

parameters upon exposure t o  d i f f e r e n t  p a t t e r n s  o f  CO l e v e l s  which j u s t  meet a  

g i ven  CO standard.  The es t imates  g iven  i n  Table D.7 and o the rs  con ta ined  i n  a 

s e n s i t i v i t y  ana l ys i s  r e p o r t  o f  t h e  Coburn Model ( B i l l e r  and Richmond 1982) a re  

based on t h e  assumption t h a t  t h e  e n t i  r e  a d u l t  p o p u l a t i o n  i s  exposed t o  CO 

l e v e l s  j u s t  meet ing a  g iven  standard.  

The impact o f  f l u c t u a t i n g  a i r  qual i t y  l e v e l s  on COHb uptake can be rough ly  

es t ima ted  by comparing t h e  r e s u l t  o f  a  cons tan t  9 ppm exposure f o r  8  hours  

(1.4% COHb f rom Table D.6) w i t h  a " t y p i c a l "  ( 50 th  p e r c e n t i l e )  a d u l t  exposed t o  

severa l  d i f f e r e n t  a i r  q u a l i t y  p a t t e r n s  t h a t  r e s u l t  i n  t h e  same maximum 8-hour 

dose (i.e., 9 ppm, 8-hour average). The var ious  p a t t e r n s  examined i n  t h e  

S e n s i t i v i t y  Ana l ys i s  i n d i c a t e  t h a t  COHb l e v e l s  rang ing  from 1.4% t o  1.9% ( f rom 

Table  D.7) can he reached f o r  t h e  " t y p i c a l "  a d u l t  exposed t o  a i r  qual i t y  reach-

i n g  a  9  ppm, 8-hour average ( B i l l e r  and Richmond 1982). A  s i m i l a r  comparison 

of t h e  r e s u l t s  f o r  a i r  q u a l i t y  w i t h  a  12 ppm, 8-hour average peak exposure 

i n d i c a t e s  t h a t  t h e  impact o f  f l u c t u a t i n g  CO l e v e l s  can i nc rease  t h e  peak COHb 

va lue  by up t o  0.5% t o  0.6% COHb. 

The S e n s i t i v i t y  Ana l ys i s  r e s u l t s  i n  Table D.7 a l s o  i l l u s t r a t e  t h e  e f f ec t  

of us i ng  d i s t r i b u t i o n s  f o r  each p h y s i o l o g i c a l  parameter r a t h e r  than j u s t  a 

r e p r e s e n t a t i  ve s e t  o f  p h y s i o l o g i c a l  parameters i n  a p p l y i n g  t h e  Coburn model. 

For any g iven a i r  q u a l i t y  p a t t e r n ,  t h e  e f f e c t  o f  t h e  d i s t r i b u t i o n  o f  phys io -  

l o g i c a l  parameters i s  t o  generate  a d i s t r i b u t i o n  t h a t  i s  f a i r l y  t i g h t  around 

t h e  50th p e r c e n t i l e  i n d i v i d u a l .  For  example, 95% o f  t h e  p o p u l a t i o n  i s  e s t i  -
mated t o  be w i t h i n  f 0.3% COHb o f  t h e  median a d u l t  va lue a f t e r  exposure t o  t h e  

mid-range p a t t e r n  w i t h  a  peak 9 ppm, 8-hour average ( B i l l e r  and Richmond 1982). 

D.2.4 Recommended Outdoor Standard f o r  Carbon Monoxide 

Because o f  t h e  l ack  o f  nega t i ve  c o n t r o l l e d  human exposure ev idence con-

c e r n i n g  t h e  impact o f  COHb l e v e l s  below 3.0% on i n d i v i d u a l s  w i t h  c a r d i o v a s c u l a r  



TABLE D.6. P r e d i c t e d  COHb Response t o  Exposure t o  Constant  CO C o n c e n t r a t i o n s  (EPA 1984) 

Percent  COHb Based on Coburn ~ ~ u a t i o n ( ~ )  
Exposure Time 

1 hour exposure 8 hours exposure 

lntermi t t e n t  lntermi t t e n t  
CO Rest/Light Moderate Rest/Light Moderate 

. ( p p m )  Activity Activity Activity Activity 

aAssumed parameters: a1 veol a r  venti 1ation rates = 10 1i ters/min (intermittent  
rest / l  i g h t  act ivi ty 1 and 20 1 i ters/min (moderate a c t i v i t y ) ;  hemoglobin = 
15 g/100 ml (normal male); a1 t i tude = sea level ; i n i t i a l  COHb level = 0.5 
percent; endogenous CO production ra te  = 0.007 ml/min; blood volume = 5500 ml , 
Haldane constant (measure of a f f in i ty  of hemoglobin f o r  CO) = 218; lung 
di ffusivity for CO = 30 ml /min/torr. 



TABLE n. 7. Re1 a t ionsh i  p  Between Human Carboxyhemogl oben and 
Carbon Monoxide Concent r a t j o n s  (EPA 1984) 

Peak 
COHh 

% 

' 9 ppm, 8-hr 
1  Expected Exceedance 

Low MI drange HI gh 
Pa t te rn  Pat te rn  Pa t te rn  

12 ppm, 8-hr 
1  Expected Exceedance 

Low t4i 
Pa t te rn  Pa t te rn  Pa t te rn  

aCOHb responses t o  f l u c t u a t i  ng CO concentrat ions were dynamical l y  eval uated u s i  ng 
the  Coburn model p r e d i c t i o n  o f  the  COHb l e v e l  r e s u l t i n g  from one hour 's  exposure 
as t h e  i n i t i a l  COHb l e v e l  f o r  the  nex t  hour. The se r ies  o f  1-hour CO 
concent ra t ions  used were from 20 se ts  o f  ac tua l  a i r  qua1 i t y  data. Each p a t t e r n  
was p r o p o r t i o n a l l y  r o l l e d  back o r  up so t h a t  i t s  peak 8-hour CO concent ra t ion  
equa l led  the  l e v e l  of t h e  8-hour standard. O f  the  20 se lec ted  pat terns,  r e s u l t s  
from 3 p a t t e r s  a re  presented here. The 1  ow p a t t e r n  tends t o  g i v e  the  1  owest 
peak COHb l e v e l s ,  t h e  midrange p a t t e r n  tends t o  g i v e  a  midrange value, and the  
h igh  p a t t e r n  tends t o  g i v e  the  h ighes t  value. 

cons tant  ~ A lveo lar  v e n t i l a t i o n  r a t e  = 10 1  i te rs /min .  

A l t i t u d e  = 0.0 ft. 


h ~ ~ l d =~ 218. ~ 

CThe es t ima t ion  o f  d i s t r i b u t i o n s  f o r  each o f  the  phys io log ica l  parameters used i n  
the  Coburn model and the Monte Carlo procedure used t o  generate these est imates 
are  discussed i n  the  S e n s i t i v i t y  Analys is  ( B i l l e r  & Richmond, 1982). 



- - - -  ----- 

- - - - -  -------------- 

d isease,  t h e  margin o f  s d f e t y  cons ide ra t i ons  and t h e  p recau t ionary  nd tu re  o f  


the  Clean A i r  Act, t h e  EPA s t a f f  (EPA 1984) i s  concerned t h a t  %hour s tanddrds  


d t  t h e  l lpper end of the range 9 t o  15 ppm (10 t o  17 mg/m3) woul d  p rov i de  1 itt l e  


o r  r ~ olntirgin o f  sd fe t y .  Accord ing ly ,  t h e  EPA s t a f f  (EPA 1984) recommends t he  


f o l  l ow ing  CO stdndards:  


R-tioer average: 9  t o  12 ppm (10 t o  14 mg/m3) 


1 - ko~ r r  avr rdge:  25 t o  35 ppln (29 t o  40 mg/m3). 


1J.3 NITROGEN I I I O X I I I E  

The ndt  i ond l  ambient a i  r qua1it y  s tandard f o r  n i  t r oyen  d i o x i d e  (NO2) has 


htren 100 I I ~ / I ~ ~0.05 r i n c e  1970. Recent ly  ,
o r  ppm o f  average concent r a t  ions 


EI'A's d f f i c e  o f  A i r  Q u a l i t y  P lanning and Standards has cocnpleted i t s  s c i e n t i f i c  


rev iew o f  NO2 s t u d i e s  and has recomlnended d new NO2 standdrd (EPA 1982). Th is  


sec t  i o n  s~r~nrnnri t h e i  r h e a l t h  r i s k  and recommendat ions .  
zes assessment 

D.3.1 S e n s i t i v e  Popu la t ion  G r o l ~ p r  

On t he  bas is  o f  the  dva i  l a b l e  h e a l t h  data,  t h e  EPA s t a f f  i s  f ocus ing  on 

c h i l d r e n  and persons w i  t h  asthrna, ch ron i c  b r o n c h i t i s ,  and ernphyserna as t h e  rnost 

s e n s i t i v e  popu ld t i on  groups (see Table D.8). Other  persons, s ~ l c h  as those w i t h  

hay fever  o r  l i v e r ,  hernatological  o r  horrnonal d i so rde rs ,  a l s o  rnay he a f f ec te r l  

a t  low l e v e l s  o f  NO2. Because human exper imenta l  data  are l a c k i n g  f o r  these 

l a t t e r  groups, however, EPA s t a f f  (EPA 1982) i n t ends  t o  recommend t o  i t s  Ad~nin- 

is t r a t o r  t h a t  the  p o t e n t i a l  e f f e c t s  on such persons should be cons idered o n l y  

i n  de te rm in i ng  t h e  margin o f  s a f e t y  f o r  p r ima ry  NO2 s tandard (s ) .  

w i t h  Other P o l l u t a n t s )  0 . 3 . 2  C o n t r o l l e d  Human Exposure S tud ies  (NO, -- -------A 

Con t ro l  l e d  human exposure s tud ies ,  summari zed i n  Tahle 0.9, p rov i de  lit t l ~  

suppor t  f o r  a d d i t i v e  o r  g r e a t e r - t h a n - a d d i t i v e  e f f e c t s  be ing assoc ia ted  w i t h  

exposure t o  ambient concen t ra t i ons  o f  NO2 i n  t h e  presence o f  o t he r  p o l l l ~ t d n t s  

such as 03, CO, o r  SO2. The p r i n c i p a l  excep t i on  i s  t h e  inc rease  i n  s e n s i t i v i t y  

t o  a  b ronchocons t r i c t o r  ( a c e t y l c h o l i n e )  a f t e r  exposure t o  a  m i x t u r e  c o n t a i n i n g  

NO2, 03, and SO2, r epo r t ed  by Von N ied ing  e t  a l .  (1977). The EPA s t a f f  

e x p l d i n s  t h a t  Von N ied ing ' s  f i n d i n g s  a re  d i f f i c u l t  t o  i n t e r p r e t  because of 



- - - 

TABLE 0.8. S e n s i t i v e  Popul a t i o n  Groups t o  N i t r o g e n  D i o x i d e  (EPA 1982) 

References f o r  
Sensl t i v e  Supporting supporting Popul a t ion 

Group Evl dence Evidence E s t l  mates 


Chi1 dren 	 Chi1 dren under' age 2 exhl b i  t Speizer e t  a1 ., a e 0-5 

increased preval  ence o f  resp i ra to ry  1980 17.2 m i l l i o n *  


gas stoves. Chi ldren up t o  age 11 1979 38.6 m i l l  ion* 

exh ib l  t e d  Increased prevalence o f  

resp i ra to ry  I n f e c t i o n s  when 1 l v l n g  

ln 'gas stove homes. 


i n f e c t i o n  when l i v i n g  i n  homes w i t h  Mel la  e t  al., a e 5-13 


Asthinatics 	 Asthmatics reacted t o  lower l e v e l s  Kerr  e t  a1 ., 6.0 m i l l i o n *  

o f  NO2 than normal subjects I n  1979 

cont ro l  l e d  human exposure studles. Orehek e t  a1 ., 


1976 


Chronic Chronic bronchi t i c s  reacted t o  Kerr e t  a1 ., 6.5 m i l l i o n *  

Bronchi t i c s  low l e v e l s  o f  NO i n  c o n t r o l l e d  1979 


human exposure studies. 	 Von Nledlng e t  

al., 1971 

Von Nieding e t  

al., 1970 


Emphysematlcs 	 Emphysematics have s l g n l f  l c a n t l y  Yon Niedlng e t  1.3 m l l l l o n *  

Impaired resp i ra to ry  sys tems. al., 1971 

Because studies have shown t h a t  B e i l  and Ulmer, 


in2reasing airway resistance, I t  Orehek e t  al.,  


emphysematics may be sens i t i ve  

t o  NO2. 


NO impairs r e s p i r a t i o n  by 1976 


I s  reasonable t o  assume t h a t  1976 


Persons w i t h  Studies have shown t h a t  NO Yon Nieding e t  unknown 

Tuberculosis, increases airway r e s i  s t a n d .  a1., 1971 

Pneumonia, Persons who have or have had B e i l  and Ulmer, 


Fever o r  Other s u f f i c i e n t l y  impaired t o  be Orehek e t  al., 

P l  eurlsy, Hay these condi t ions may be 1976 


A1 1 erg ies  sens i t i ve  t o  1 ow 1 eve1 s o f  N02. 1976 


Persons w i t h  NO induces changes i n  1 l v e r  dru Menzel , 1980 unknown 

L iver ,  B1 ood mebbol  ism, 1 ung hormone metabol !me M i l  1 e r  e t  a1 ., 

o r  Hormonal and b lood biochemistry. 1980 

Di sorders Posin e t  a1 ..,


1978 


*I970 U.S. Bureau o f  Census and 1970 U.S. Nat ional  Health Survey 

**All subgroups l i s t e d  are  n o t  necessar i ly  sens i t i ve  t o  NO2 exposure a t  low leve ls :  



TABLE D.9. E f f e c t s  on Pulmonary F u n c t i o n  i n  S u b j e c t s  Exposed t o  NO2 and 
Other  Pol  1 u t a n t s  

Concen t ra t i on  
( P P ~ )  

1 

Exposure 
D u r a t i o n  

'0.05 NO2 + .llSO2 + 
0.025 03 

2-Hours 

0.50 03; 0.50 03 + 
0.29 N02; 0.50 03 + 
.29 NO2 + 30 CO 

4-Hours 

J 

+ 
0-1 

0.25 
0.29
0.29 

03; 0.25 03 + 
N02; 0.25 03 +
N02; + 30 C O  

2-Hours 

50 CO + 5 S02; 
4.8 NO2 + 50 CO + 5 SO2 

-

0.5 03; 0.5 03 + 
0.5 NO2 
UNDER FOLLOWING 
CONDITIONS: 
1 )  25OC. 45% r h  
2 )  300C, 85% r h  
3 )  350C, 40% r h  
4 )  400C, 50% r h  

Rest-60 min. 
Exerc i  se-30 min. 
Rest-30 min. 

(EPA 1982) 

Study 
Popu la t i on  

11 heal t h y  
sub jec ts  

4 heal  t h y  
ma1 e 
sub jec ts  

7 male 
sub jec ts ,  some
b e l i e v e d  t o  be 
unusual 1 y 
reac t ive t o  
i r r i t a n t s  

3 s u b j e c t s  

8 young 
adul t s  

Reported 
E f f e c t s  

Increased s e n s i t i v i t y  
t o  hronchocons tric t o r  
as shown by  i nc reases  
i n  Raw. No e f f e c t  on 
A2D02 o r  Raw w i t h o u t  
b ronchocons t r i c to r .  

Minimal  change f n  
pulmonary f u n c t i o n  
caused by  03 alone. 
E f f e c t s  n o t  caused 
by  NO2 o r  CO. 

Minimal  change i n  
pulmonary f u n c t i o n  
caused by  03 alone. 
E f f e c t s  n o t  increased 
by  NO2 o r  CO. 

Increase i n  d u s t  
r e t e n t i o n  from 50% 
t o  76% a f t e r  NO2 
was added t o  a f r  
c o n t a i n i n g  SO2 and CO. 

Response found o n l y  
f o r  03; no g r e a t e r  
than a d d i t f v e  e f f e c t  
o r .  i n t e r a c t i o n  between 
03 and NO2 was observed. 

References 

von N ied ing  e t  
al.,  1973 

Hackney e t  a1 ., 
1975 

Hackney e t  a l . ,  
1975 

Schl i p k o t e r  
and Brock haus, 
1963 

Horvath  and 
F o l  f nspee, 1979 



1 )  t h e  u n c e r t a i n  h e a l t h  s i g n i f i c a n c e  o f  a l t e r e d  s e n s i t i v i t y  t o  b r o n c h o c o n s t r i c -  

t o r s  i n  h e a l t h y  o r  s e n s i t i v e  s u b j e c t s ,  2)  some u n c e r t a i n t i e s  due t o  rnethodo- 

l o g i c a l  d i f f e r e n c e s  between h i s  techn iques  and t h o s e  o f  o t h e r  i n v e s t i g a t o r s ,  

and 3)  t h e  l a c k  of c o n f i r m a t i o n  o f  t h e  f i n d i n g s  by o t h e r  i n v e s t i g a t o r s .  

Because o f  t h e s e  d i f f i c u l t i e s ,  t h e  r e s u l t s  o f  t h e  Von N i e d i n g  s t u d y  s h o u l d  n o t  

be used i n  d e t e r m i n i n g  t h e  l o w e s t  c o n c e n t r a t i o n  a s s o c i a t e d  w i t h  adve rse  h e a l t h  

e f f e c t s .  The s tudy  shou ld  be cons ide red  o n l y  as a  f a c t o r  i n  j u d g i n g  wh ich  

s t a n d a r d ( s )  w i l l  p r o v i d e  an adequate m a r g i n  o f  s a f e t y .  

D .3.3 Cornmunit y  Epidemi 01 ogy S t u d i e s  

Communit y  ep idemio logy  s t u d i e s  of NO2 a r e  summari zed i n  Tab le  D . lO .  

Because o f  t h e  m e t h o d o l o g i c a l  approach ( i  .e., use o f  Jacob-Hochheiser method)  

w i t h  t h e  Shy e t  a1 . (1970a, 1970b), Shy and Love (1979) and Pear l  man e t  a1 . 
(1971) s t u d i e s  pe r fo rmed  i n  Chattanooga, Tennessee, t h e  h e a l t h  e f f e c t s  r e p o r t e d  

t o  be a s s o c i a t e d  w i t h  NO2 l e v e l s  f rom t h e s e  s t u d i e s  cannot  be q u a n t i t a t i v e l y  

assessed. A lso ,  a t  t h e  t i m e  o f  t h e  s t u d i e s ,  t r y i n g  t o  s o r t  o u t  any h e a l t h  

e f f e c t s  caused by NO2 f r o m  e f f e c t s  caused by o t h e r  p o l l u t a n t s  found i n  t h e  

ambient  a i r  (e.g., zone, p a r t i c u l a t e s ,  SO2) was v e r y  d i f f i c u l t .  These prob lems 

s e v e r e l y  1  i m i  t t h e  u s e f u l n e s s  o f  t hese  s t u d i e s  f o r  s e t t i n g  s tandards .  

W h i l e  t h e  Kagawa and Toyama s t u d y  (1975) shows some pulmonary f u n c t i o n  

e f f e c t s  r e l a t e d  t o  NO2 c o n c e n t r a t i o n s ,  t h e  r e s u l t s  suggest  t h a t  t h e  observed 

r e s p i r a t o r y  e f f e c t s  a r e  caused by a  complex m i x t u r e  o f  p o l l u t a n t s .  A l so ,  

i nadequa te  c h a r a c t e r i z a t i o n  o f  exposure t o  NO2 p r e v e n t s  t h e  d raw ing  o f  any firrn 

c o n c l u s i o n s  about  t h e  r e 1  a t i o n s h i p  between NO2 exposure  and r e s u l t i n g  h e a l t h  

e f f e c t s .  

A t  b e s t  we can o n l y  conc lude t h a t  t h e  f i n d i n g s  of Shy e t  a1 . (1970a, 

1970b), Shy and Love (1979),  Pearlman e t  a1 . (1971),  and Kagawa and Toyarna 

(1975)  a r e  n o t  i n c o n s i s t e n t  w i t h  t h e  h y p o t h e s i s  t h a t  NO2, i n  a  complex m ix  w i t h  

o t h e r  p o l l u t a n t s  i n  t h e  ambient  a i r ,  a d v e r s e l y  a f f e c t s  r e s p i r a t o r y  f u n c t i o n  and 

may cause i l l n e s s  i n  c h i l d r e n .  That i s ,  a l t h o u g h  t h e s e  s t u d i e s  do n o t  p r o v i d e  

c l e a r  ev idence  f o r  p o s i t i v e  a s s o c i a t i o n s  between h e a l t h  e f f e c t s  and ambient  

exposures  t o  NO2, n e i t h e r  do t h e y  suggest t h a t  n e g a t i v e  o r  no a s s o c i a t i o n s  



TABLE D.10. 	 E f f e c t s  of Exposure t o  NO2 on Pulmonary Func t ion  i n  Community Epidemiology 
Stud ies (EPA 1982) 

Exposure Concentrations 
( P P ~ )  Study ~ o p u l  a t i on  Reported Ef fec ts  References 

Median hourly 0.07 NO2 205 o f f i c e  workers No d i f ferences i n  most tests. L inn  e t  a1 ., 
Median hourly 0.15 0, i n  L.A. Smokers i n  both c i t i e s  showed 1976 
Median hour1 y 0.35 NO2 439 o f f i c e  workers i n  greater changes i n  pulmonary 
Median hourly 0.02 0, San Francisco 	 funct ion than non-smokers. 

High exposure area: 
24 h r  h igh 0.055 El02 128 t r a f f i c  policemen Mo di f ference i n  various Speizer and 

.035 NO2 i n  urban Boston and pulmonary funct ion t es t s  Fe r r i s ,  1973, 
140 pa t ro l  o f f i c e r s  i n  Burgess e t  al., 

1 -hr mean nearby suburbs 1973 
High exposure area 0.14 NO2 

t o  0.30 NO2 
Low exposure area 0.06 NO2 

t o  0.09 NO2 

High exposure group: 
Estimated 1-hr max 0.25 t o  Nonsmokers i n  L.A. No d i f ferences found i n  Cohen e t  al., 
0.51 NO2 (adu l t )  several v e n t i l  a tory 1972 
Annual mean 24-hr 0.051 NO2 measurements inc lud ing  

spi rometry and f low 
Low Exposure groups: volume curves 
Estimated 1 h r  max 0.12 t o  
0.23 MI72 
Annual mean 24 h r  0.01 NO2 

1 h r  conc. a t  time o f  20 school age ch i l d ren  During warmer pa r t  o f  year, Kagawa and 
tes t i ng  (1 :00 p.m.) 11 years o f  age NO2, SO2 and TSP s ign i -  Toyama, 1975 
0.02 t o  0.19 NO2 f i c a n t l y  cor re la ted  w i t h  

Vmax a t  25% 6 50% FVC 
spec ific a i  rway conductance . 
S ign i f i can t  c o r r e l a t i o n  between 
each o f  four  po l l u tan ts  (N02, 
NO, SO2 and TSP) and Vmax a t  
25% and 50% FVC; bu t  no c l e a r  
de l ineat ion  o f  spec i f i c  p o l l u t a n t  
concentrations a t  which e f f e c t s  
occur. 



e x i s t  between such var iab les .  L i t t l e  o r  no ev idence o f  h e a l t h  e f f e c t s  a t  

ambient concent r a t  ions o f  NO2 is p rov ided  by o t h e r  communi ty  ep i  demi 01 og i  c a l  

s t ud ies .  

It should  be recognized t h a t  t h e  community epidemiology s tud ies  c i t e d  and 

d iscussed above d i d  no t  t a k e  i n t o  account exposure t o ,  and e f f e c t s  o f ,  i n d o o r  

a i r  p o l l u t a n t s  such as NO2 generated by t h e  use o f  gas stoves. 

D.3.4 	 Community Stud ies I n v o l v i n g  Gas Stoves 

Table  D . l l  summarizes r epo r t ed  e f f e c t s  o f  exposure t o  NO2 i n  t h e  home i n  

community s t u d i e s  i n v o l v i n g  gas stoves. I n  e v a l u a t i n g  t h e  evidence f rom t h e  

Me1 i a  e t  a1 . (1977), Mel ia ,  du V. F lo rey  and Chinn (1979), and Speizer  e t  a1 . 
(1980) s t ud ies ,  t h e  major  u n c e r t a i n t i e s  a r e  what agent ( s )  caused t h e  repo r t ed  

h e a l t h  e f f e c t s  and, i f  those agents a re  NOZ, then  what exposure l e v e l s  and 

p a t t e r n s  (concent r a t i o n ,  averag ing t ime,  and f requency)  a r e  assoc ia ted  w i t h  t h e  

r e p o r t e d  e f f e c t s .  Poss ib le  confoundi  ng and cova ry i  ng f a c t o r s  which may be 

re1  a t e d  t o  t h e  inc reased  preva lence r a t e  o f  r e s p i  r a t o r y  i11 ness and symptoms 

observed i n  c h i  1 dren i n  homes w i t h  gas stoves i n c l u d e  humid i t y  , socioeconomic 

s t a t u s ,  and p o l l u t a n t s  o the r  than NO2, such as carbon monoxide and hydrogen 

cyanide,  which are em i t t ed  when gas combustion occurs.  However, t h e r e  i s  no 

ev idence t h a t  carbon monoxide o r  hydrogen cyanide i s  g iven  o f f  i n  dangerous 

q u a n t i t i e s  by gas s tove combustion, and t h e r e  i s  a l s o  no evidence t h a t  these 

p o l l u t a n t s  cause e f f e c t s  such as increased r e s p i r a t o r y  symptoms o r  i l l n e s s .  

The c o n t r i b u t i o n ,  i f  any, t o  increased r e s p i r a t o r y  symptoms o r  i l l n e s s  due t o  

inc reased  humid i t y  o r  water vapor i n  gas s tove homes requ i r es  f u r t h e r  research. 

Other  f a c t o r s ,  such as outdoor p o l l u t i o n  l e v e l s  and exposure t o  pa ren ta l  

smoking, may have c o n t r i b u t e d  t o  the o v e r a l l  e f f e c t  observed i n  t h e  Me l i a  

e t  a1 . (1977), Me1 i a ,  du V. F l o rey  and Chi nn (1979), and Speizer e t  a1 . (1980) 

s t u d i e s .  There i s ,  however, no evidence i n  t h e  s tud ies  t o  suggest t h a t  these  

f a c t o r s  d i f f e r  f o r  c h i l d r e n  l i v i n g  i n  homes w i t h  e l e c t r i c  versus gas stoves. 

It should  be noted t h a t ,  w h i l e  t h e  animal s t u d i e s  p rov i de  some evidence 

t h a t  NO2 impai r s  r e s p i r a t o r y  defense mechanisms, these  s tud ies  a re  conducted a t  

NO2 exposure l e v e l s  be l i eved  t o  be cons iderab ly  h i g h e r  than those exper ienced 

i n  t h e  gas s tove  homes. 
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The au thors  o f  t he  Speizer  e t  a1 . (1980) s tudy have hypothes ized t h a t  

repeated peak values a r e  p robab ly  t h e  most impor tan t  exposures i n  caus ing  t h e  

e f f e c t s  observed i n  t h e  gas s tove  homes. The i r  judgment i s  i n  p a r t  based on 

t h e  f ac t  t h a t  t h e r e  a re  no i n t e r m i t t e n t  sho r t - t e rm  (112 hour-2 hou r )  NO2 peak 

concent r a t  i o n s  i n  e l e c t r i c  s tove  homes and t h a t  long- term (24-hour o r  l o n g e r )  

concen t ra t i ons  i n  gas s tove  homes a re  n o t  t h a t  much h i g h e r  than  i n  e l e c t r i c  

s t ove  homes. 

The da i  l y  peak 2-hour NO2 l e v e l s  observed i n  3 homes moni tored by Cote, 

Wade and Yocom (1974) p rov i de  t h e  best ,  a l though  rough, es t ima te  o f  t h e  s h o r t -

t e r m  (1-2 hour )  l e v e l s  t h a t  may have occurred i n  t h e  gas s tove homes i n  t h e  

Spe ize r  e t  a l .  (1980) study. It i s  recognized t h a t  sho r t - t e rm  l e v e l s  i n  p a r -

t i c u l a r  homes i n  t h e  S i x -C i t y  Study may have v a r i e d  cons iderab ly  i n  magnitude 

o r  frequency of peak l e v e l s  f rom t h e  homes i n  t h e  Cote, Wade and Yocom (1974) 

s tudy  due t o  v a r i a t i o n  i n  gas s tove  usage, v e n t i l a t i o n  cond i t i ons ,  and designs 

of homes. 

D.3.5 Recommended Standard f o r  N i t r ogen  Di ox i de  

Based on best  avai 1ab le  s c i e n t i f i c  inforrnat ion presented e a r l  ie r ,  t h e  EPA 

s t a f f  has made t h e  f o l l o w i n g  recommendations on t h e  n a t i o n a l  ambient a i r  

qua1i t y  s tandard f o r  NO2 (EPA 1982): 

A 1-hour average NO2 s tandard cou ld  be es tab l i shed  a t  some l e v e l  

below 0.5 ppm, o r  a t  the  range o f  0.15 ppm t o  0.30 ppm, which would 

have t o  be met f o r  a s p e c i f i e d  number o f  days i n  t h e  ca lendar  year .  

An annual s tandard rang ing  from 0.05 t o  0.08 ppm i s  recommended as 

an a1t e r n a t i v e  t o  e s t a b l i s h i n g  t h e  above shor t - te rm standard.  

An annual s tandard i n  t h e  range o f  0.05 t o  0.08 ppm (90 t o  150 ug/m3) 

would appear t o  p rov ide  adequate p r o t e c t i o n  aga ins t  t he  p o t e n t i a l  and u n c e r t a i n  

h e a l t h  e f f e c t s  t h a t  may be assoc ia ted  w i t h  exposure t o  sho r t - t e rm  NO2 l e v e l s .  

Such a s tandard cou ld  be used as a su r roga te  f o r  a  shor t - te rm standard.  An 

annual s tandard a1so would p rov i de  some, a1though unquant i  f i a b l e ,  p r o t e c t i o n  

aga ins t  p o s s i b l e  adverse h e a l t h  e f f e c t s  f rom long- term exposure. 

The l a c k  of s c i e n t i f i c a l l y  demonstrated h e a l t h  e f f e c t s  i n  humans f r om NO2 

exposure i n  concen t ra t ions  below 0.5 ppm cou ld  be i n t e r p r e t e d  t o  mean t h a t  



t h e r e  i s  no need f o r  an NO2 Nat iona l  Ambient A i r  Q u a l i t y  Standard. However, 

such an i n t e r p r e t a t i o n  would i g n o r e  t he  cuwul a t i  ve ev idence from c o n t r o l  l e d  

animal and human exposure s tud ies ,  and community indoor  s t ud ies ,  which s t r o n g l y  

suggest t h a t  NO2 may cause adverse h e a l t h  e f f e c t s  i n  s e n s i t i v e  p o p u l a t i o n  

groups exposed t o  NO2 l e v e l s  a t  o r  near e x i s t i n g  ambient l e v e l s  (EPA 1982). 

0.4 FORMALDEHYDE 

I n  t h i s  sec t i on ,  human s e n s i t i v i t y  t o  formaldehyde, i t s  s h o r t -  and long-  

t e rm  e f f ec t s ,  and i ndoo r  concen t ra t ions  o f  formaldehyde a re  d iscussed.  

13.4.1 Human S e n s i t i v i t y  t o  Formaldehyde 

The e f f e c t s  on humans o f  exposure t o  low formaldehyde concen t ra t i ons  

p a r t i a l l y  r e s u l t  f rom formaldehyde's p r o p e r t i e s  as a s e n s i t i z e r  and s t r o n g  

i r r i t a n t  (Gupta 1982). Con t ro l  l e d  exposure s tud ies  have repo r t ed  e f f e c t s  on 

humans a t  concen t ra t i ons  as low as 10  eg/m3 (Schuck, Stephens and M idd le ton  

1966). Retween 10 and 70 eg/m3, humans reach t h resho lds  f o r  eye i r r i t a t i o n  and 

odor  de tec t i on ,  as no ted  i n  Table D.12, which l i s t s  t h e  e f f e c t s  of sub jec t s  

exposed t o  va r i ous  l e v e l s  o f  formaldehyde f o r  va r ious  du ra t i ons .  Con t ro l  l e d  

exper imenta l  c o n d i t i o n s  p r o d ~ ~ c e d  s t a t i s t i c a l  l y  s i g n i f i c a n t  ir r i t a n t  responses 

of  t h e  eye, nose, and t h r o a t  a t  240 ug/m3 and above i n  h e a l t h y  a d u l t s  (Anderson 

1979; Weber-Tschop, F i sche r  and Grandjean 1977; and Rader 1974). A l though t h e  

odor t h r e s h o l d  f o r  formaldehyde i s  r epo r t ed  a t  60 eg/m 3 by some sub jec t s ,  i t  i s  

most commonly de tec ted  a t  1.2 mg/m3 (Na t iona l  Academy of Sciences 1981). 

Gupta, lllsamer and Preuss (1982) no te  t h a t  repeated exposure t o  formaldehyde 

can cause c e r t a i n  i n d i v i d u a l s  t o  become s e n s i t i z e d  and t o  e x h i b i t  a1 l e r g i c  

d e r m a t i t i s  ( H o r s f a l l  1934; P i r i l a  and K i l p i o  1949; Hovding 1969) o r  m i l d  t o  

severe as thmat i c  r e a c t i o n s  (Popa, Teculescu and Stanescu 1969; Alanko, Kesk iner  

and Saar inen 1977; Hendr ick and Lane 1977). These responses may i nc rease  i n  

s e v e r i t y  i f  t h e  i n d i v i d u a l s  have con t inued  exposure t o  formaldehyde (She1 low 

and Altman 1966; Skogh 1959; Breysse 1977). These c o n t r o l  l e d  s t u d i e s  i n d i c a t e d  

t h a t  t h e  s e v e r i t y  and number o f  sub jec t s  t h a t  respond t o  formaldehyde i nc reases  

as t h e  a i  rborne concen t ra t i on  l e v e l  increases.  



TABLE D.12. E f f e c t s  i n  Subjects  Exposed t o  Formaldehyde 

Concent r t i on 
(lJs/m3> 

Exposure 
Dura t ion  

5 minutes 

minutes 

m i  nutes 

m i  nutes 

1 hour 

5 hours 

1 minute 

10 minutes 

1 minute 

1 minute 

Reported 

E f f e c t  


Eye i r r i t a t i o n  

Odor t h r e s h o l d  

Op t i ca l  chronaxy th resh01  d 

Threshold  t o  a f f e c t  t h e  
f u n c t i o n a l  s t a t e  of 
ce reb ra l  c o r t e x  

Eye, nose, and t h r o a t  
i r r i t a t i o n  

Dryness o f  nose and t h r o a t ,  
decrease i n  mucus f l o w  r a t e  

A l t e r e d  f u n c t i o n a l  s t a t e  o f  
ce rebra l  c o r t e x  

I r r i t a t i o n  of upper t r a c t  
and eyes, acce le ra ted  
b rea th ing ,  EEG changes 
such as a lpha rhythm 
enhancement, changes o f  
automat ic  nervous system 

Eye s e n s i t i v i t y  t o  l i g h t  
1 owered i n  unacc l  imated 
group 
Unbearable w i t h o u t  
r e s p i r a t o r y  p r o t e c t i o n  

Reference 

Schuck, Stephens and 
Midd le ton  (1966) 

Wahren (1980) 
Melekhina (1964) 

Melekhi  na (1964) 

Melekh i  na (1964) 

Rader (1974) 

Anderson (1979) 

Feldman and 
Bonashevskaya (1971) 

Sgi bnev (1968) 

Melekhina (1964) 

Wi ley  (1980) 

D.4.2 Shor t  -Term Impacts 

The Consumer Product Safety  Commi s s i  on (CPSC) has rece i  ved nllmerous corn-

p l  a i  n t s  about formaldehyde concen t ra t ions  i n  r e s i d e n t i a l  b u i l d i n g s .  The CPSC 

r e p o r t s  t h a t  r e s i d e n t i a l  concen t ra t ions  o f  10 t o  120 pg/m3 have been i d e n t i  f i ed 

as caus ing nausea, eye, nose and t h r o a t  i r r i t a t i o n ,  headaches, vomi t ing ,  and' 

stomach cramps (Greisemer e t  a1 . 1980). The research i n f o r m a t i o n  compi l e d  by 

Gupta, l l lsamer and Preuss (1982) i n d i c a t e s  t h a t  t h e  human t h r e s h o l d  f o r  s h o r t -  

t e r m  exposure va r i es  wide ly .  



The Nat iona l  Academy o f  Sciences (NAS) concluded t h a t  t h e r e  i s  no popula-

t i o n  t h r e s h o l d  f o r  t h e  i r r i t a n t  e f f e c t s  o f  formaldehyde (NAS 1980). Persons 

s e n s i t i z e d  t o  formaldehyde and persons w i t h  hype rac t i ve  a i  rways may respond 

more seve re l y  (NAS 1981). The Academy has a l s o  es t imated  t h a t  10% t o  12% of  

t h e  U.S. popu la t i on  may have hype rac t i ve  airways, which may make them more 

suscep t i  h l e  t o  t h e  i r r i t a n t  e f f e c t s  o f  formaldehyde (NAS 1981). 

D.4.3 Long-Term Impacts 

The long- term concern over  exposure t o  formaldehyde i s  based on t h e  obser-  

v a t i  on of nasal  c a r c i n o g e n i s i s  i n  r a t s  exposed t o  formaldehyde vapors (Gupta, 

Ulsamer and Preuss 1982). It i s  not  c l e a r ,  however, how t h i s  i n f o rma t i on  

r e l a t e s  t o  human r i s k .  Gupta, Ulsamer and Preuss (1982) does conclude, as d i d  

t h e  Federal  Panel on Formaldehyde (Greisemer e t  a1 . 1980) t h a t :  

"formaldehyde should  be presumed t o  pose a ca rc inogen ic  r i s k  t o  humans. ...t h a t  e f f o r t s  should be made t o  reduce o r  e l i m i n a t e  human exposure t o  
formal dehyde. " 

These conc lus ions  are supported f u r t h e r  by t h e  d e l i b e r a t i o n s  o f  t h e  I n t e r n a -

t i o n a l  Agency f o r  Research on Cancer, which concluded i n  October 1981 t h a t  

( a )  s ~ ~ f f i  i n d i c a t e s  t h a t  formaldehyde gas i s  ca rc inogen ic  t oc i e n t  evidence 

r a t s ;  ( b )  t h e  ep idem io log i ca l  s t ud ies  a r e  inadequate t o  assess t h e  c a r c i n o -  

g e n i c i t y  o f  formaldehyde i n  humans; and ( c )  a t  p resen t ,  formaldehyde gas shou ld  

be cons idered,  f o r  p r a c t i c a l  purposes, as i f  i t  represented ca rc i nogen i c  r i sk 

t o  humans (Gupta, Ulsamer and Preuss 1982). 

D.4.4 Indoor  Concent ra t ions 

Formaldehyde concen t ra t ions  vary  across a wide range o f  l e v e l s  and a re  

i n f l u e n c e d  by t h e  t ype  o f  res idence and whether urea-formal dehyde foam insu l  aon 

(UFFI)  was used as an i n s u l a t i o n  m a t e r i a l .  N e i t h e r  t h e  base l ine  o r  t h e  

proposed standard res idence uses UFFI ,  so t h e  values o f  formaldehyde concent r a -  

t i o n  i n  residences, shown i n  Table D.13, are f o r  residences w i t hou t  LJFFI. 

Table  D.14 shows p r e l i m i n a r y  formaldehyde emiss ion r a t e s  f rom m a t e r i a l s  found 

in res idences as measured by t h e  I nha l  a t  i o n  Toxi  co logy Research I n s t i t u t e  

(Gupta, Ul  samer and Preuss 1982). Indoor  concen t ra t i ons  o f  formaldehyde can 

a l s o  r e s u l t  as a product  o f  combustion. Table D.15 shows t h e  average 24.-hour 

formaldehyde c o n t r i b u t i o n  from gas s toves.  



TABLE 0.13. 	 Formaldehyde Concen t ra t ion  i n  Residences 
(Gupta, Ulsamer and Preuss 1982) 

Formaldehyde 
Concent r a t  ion (pg/m ) 

Type o f  Resi dence -n Range Average 

Ambient 156 0- 100 10 

Homes 41 10-100 40 

Mobi 1 e homes 431 10-3500 460 

TABLE D .14 Formaldehyde Emission From Selected Products  
(Gupta, Ulsamer and Preuss 1982) 

Emission r a t e  (a 1 
Product (pg/g-day) 

P a r t i c l e  board 0.4-8.1 

P1 ywood 

Panel ing 

F i b e r g l a s s  i n s u l a t i o n s  

C l o t h i n g  0.2-4.9 

Drapery 

Paper p roduc ts  

Carpet  

( a )  	 The emission range represen ts  two o r  more 
t e s t s ,  on t h r e e  t o  f i v e  samples f o r  each 
p roduc t  category,  us i ng  c o n d i t i o n s  c l o s e l y  
resembl ing Japanese Des icca to r  Test. 

( b )  	 ND = n o t  detectab le .  

D.5 	 RADON 

The p o t e n t i a l  l u n g  cancer r i s k  from exposure t o  shor t -1  ived r a d i o a c t i v e  

daughters  of radon-222 i n  r e s i d e n t i a l  environments has become i n c r e a s i n g l y  

recognized. Surveys o f  radon daughters i n  r e s i d e n t  ia1 s t r u c t u r e s  have shown 

t h a t  radon i n  s o i l  a i r  i s  t h e  pr imary source o f  i n d o o r  radon (Wi lson 1984). 

The p r i n c i p a l  source o f  radon i s  t h e  d i s t r i b u t i o n  o f  t h e  r a d i o a c t i v e  elements 

uranium, t ho r i um  and potassium-40 i n  bedrock and o t h e r  m a t e r i a l s .  These 



TABLE D.15. Formaldehyde Con t r i bu t i ons  from Selected Combust i o n  Sources 
(Hawthorne and Matthews 1985) 

Approxi mate € m i  s s i  on 
Model ed Measured € m i  s s i  on Average 

Source Duty Cycle Rate (mgjh) Over 24-h (mg/h) 

Gas s tove  
-burner  
-oven 

Kerosene hea te r  
-convect ive 
- rad ian t  

C iga re t t es  

elements occur,  gene ra l l y  a t  very low concent ra t ions ,  i n  a l l  rock and s o i l  

t ypes  (Wi lson 1984). Several  impor tan t  f a c t o r s  have been i d e n t i f i e d  as con-

t r o l l i n g  t h e  l e v e l  o f  radon gas t h a t  may accumulate i n  a residence. Those 

f a c t o r s  i n c l u d e  t h e  r a t e  t h a t  indoor  a i r  i s  exchanged w i t h  outdoor  a i r ,  t h e  way 

t h e  res idence  i s  coupled w i t h  t h e  s o i l ,  t h e  p e r m e a b i l i t y  o f  t h e  s o i l  l a y e r s  

under t h e  residence, t h e  radon content  o f  t h e  s o i l ,  and t h e  amount of t ime  and 

e x t e n t  t h e  res idence i s  under nega t i ve  pressure compared t o  t h e  s o i l .  

D.5.1 Exposure 

ale(^) and Har ley (1953) were t h e  f i r s t  t o  no te  t h a t  t h e  l ung  cancer 

hazard f rom exposure t o  radon and radon daughters was f rom t h e  a lpha dose 

d e l i v e r e d  through lung  depos i t i on  o f  t h e  shor t -1  i v e d  daughters o f  radon 

c ~ ' ~ P ~ ( R ~ A ) ,  '14Bi (RaC) and z 1 4 ~ o ( ~ a c 1 ) ]  Z 1 4 ~ b ( ~ a ~ ) ,  and n o t  f rom the  radon 

i t s e l f .  Two alpha em i t t e r s ,  and 2 1 4 ~ o ( ~ a ~ ' ) ,  2 1 8 ~ o ( ~ a ~ )  u l t i m a t e l y  d e l i v e r  t h e  

ca rc i nogen i c  dose t o  t racheobronchi a1 ep i  the1  ium. The compl e x i  t y  i n  t h e  dose 

es t imates  requ i red  t o  account f o r  daughter depos i t ion ,  r a d i o a c t i v e  b u i l d u p  and 

decay, removal by phys io l  og i  ca l  c learance processes, and phys i  ca l  dose c d l  cu l  a -

t i o n s  t o  s p e c i f i c  c e l l  s i n  b ronch ia l  mucosa has been d e t a i l e d  by many au thors  

and considered by v a r i  ous n a t i o n a l  and i n t e r n a t i o n a l  o rgan i  z a t i  ons. 

( a )  	 Bale, W. F. 1951. "Hazards Assoc ia ted w i t h  Radon and Thoron." 
Memo, March 14, 1951, Div.  B i o l .  and Med., Atomic Energy Commission, 
Washington, D.C. 



For more i n f o r m a t i o n  on exposure, see A l t s h u l e r ,  Nelson and Kuschner 1964; 

Jacobi  1964, 1972, 1977; Haque 1966, 1967; Haque and Col l i n s o n  1967; Parker  

1969; Walsh 1970, 1971, 1979; Harley and Pasternack 1972, 1981; Nelson e t  a l .  

1974; Fry  1977; McPherson 1979; Jacobi and E i s f e l d  1980; James, Greenhalgh and 

B i  r c h a l l  1980; James, Jacobi and S te inhaus le r  1981; Hofmann 1982; Wise 1982; 

Un i t ed  States Pub1 i c  Hea l th  Serv ice (USPHS) 1957, 1961; Federal Rad ia t i on  

Counc i l  (FRC) 1967; J o i n t  Committee on Atomic Energy (JCAE) 1967, 1969; 

I n t e r n a t i o n a l  Commission on Rad io log ica l  P r o t e c t i o n  (ICRP) 1977, 1981; Un i ted  

Nat ions  S c i e n t i f i c  Committee on t h e  E f f e c t s  o f  Atomic Rad ia t ion  (UNSCEAR) 1972, 

1977; Nat ional  I n s t i t u t e  f o r  Occupational Safety  and Heal t h /Na t i  onal I n s t i t u t e  

of Envi ronmental Hea l th  Sciences (NIOSH/NIEHS) 1971; and Nat iona l  Academy of 

Sciences (NAS) 1972, 1980. 

H i s t o r i c a l l y ,  exposure i s  de f ined  i n  terms o f  t h e  a i r  concen t ra t i on  of 

radon daughters i n  u n i t s  o f  working l e v e l  (WL). A work ing l e v e l  i s  d e f i n e d  t o  

be a concen t ra t i on  o f  s h o r t - l i v e d  radon daughters ( through RaC') t o t a l i n g  1.3 x 

105 MeV o f  p o t e n t i a l  a lpha energy per  l i t e r  o f  a i r .  A work ing l e v e l  month 

(WLM) i s  an equ i va len t  exposure t o  1 WL f o r  173 hours. These d e f i n i t i o n s  avo id  

t h e  problems o f  d i s e q u i l i b r i u m  o f  t he  daughters and avo id  t h e  need t o  determine 

whether t he  daughters are at tached t o  a  c a r r i e r  aerosol  o r  remain unattached. 

At tached radon daughters depos i t  w i t h  some f i n i t e  p r o b a b i l i t y  t o  t h e  l ung  su r -

faces ; unattached radon daughters depos i t  i n  t h e  resp i  r a t o r y  t r a c t  w i t h  v i r t u a l  

100% p r o b a b i l i t y .  Thus, t h e  mix o f  a t tached  and unat tached radon daughters i s  

an impor tan t  cons ide ra t i on  i n  assessing l ung  dosimetry.  The unattachment 

f r a c t i o n  values found i n  t h e  workplace and i n  t h e  environment a re  reasonably 

cons tan t  and no t  s u f f i c i e n t l y  d i f f e r e n t  t o  cause a l a r g e  d i s p a r i t y  i n  t h e  

r a d i o 1  og i  ca l  dose assessment o f  environmental  and occupat ional  exposures t o  

radon daughters. The same can be sa id  f o r  t he  o the r  parameters i n f l u e n c i n g  

radon daughter l u n g  dose, such as d i f f e r e n c e s  i n  daughter product  e q u i l i b r i u m ,  

p a r t i c l e  s i z e  d i s t r i b u t i o n s ,  b rea th i ng  pa t t e rns ,  b ronch ia l  morphornetry, and 

p h y s i o l o g i c  c learance  processes. 

D.5.2 Lung Dosimetry Models 

The more recen t  l ung  dos imetry  models f o r  radon daughters are i n  substan- 

t i a l  agreement w i t h  one another  and p lace  t h e  b ronch ia l '  e p i t h e l  ium exposure- to-  



dose convers ion f a c t o r  a t  about 0.5 rad/WLM f o r  uranium miners.  The dose p e r  

u n i t  cumul a t i  ve exposure has a l s o  been d e r i v e d  f o r  env i ronmenta l  c o n d i t i o n s  

(Har ley  and Pasternack 1981). Close agreement was found f o r  t h e  a d u l t  male 

(0.71 rad/WLM), a d u l t  female (0.64 rad/WLM), a 10-year-o ld  c h i l d  (1.2 rad/WLM), 

and a 1 -year -o ld  i n f a n t  (0.64 rad/WLM). The smal l  d i f f e r e n c e s  p r i m a r i l y  

r e f l e c t  t h e  reduced b rea th i ng  r a t e s  d u r i n g  normal env i  ronmental exposures, 1 ung 

morphomet ry, p a r t i c l e  s i z e  d i  f fe rences ,  and t h e  inc reased  percentage of unat -
tached RaA i n  o r d i n a r y  atmospheres (-7% env i ronmenta l  vs. -4% i n  mines).  These 

convers ion  f a c t o r s  i n d i c a t e  t h a t  a cumu la t i ve  exposure i n  t h e  environment i s  

somewhat more e f f e c t i v e  i n  d e l i v e r i n g  a r a d i a t i o n  dose than  exposures under 

work ing  c o n d i t i o n s  i n  a mine. C e r t a i n  home energy conserva t ion  p r a c t i c e s  cou ld  

produce exposure-to-dose convers ion  f a c t o r s  even c l o s e r  t o  those c a l c u l a t e d  f o r  

t h e  miners  as a r e s u l t  o f  l ower  RaA unattachment f r a c t i o n s  f rom d u s t i e r  home 

c o n d i t i o n s .  I n  some t rea tments  o f  model ing o f  r i s k  f rom radon daughter expo- 

sure,  a tendency t o  a r t i f i c i a l l y  l ower  t h e  cumu la t i ve  exposure i n  t h e  env i r on -  

ment has been e v i  dent, presumably t o  account f o r  decreased b r e a t h i n g  r a t e s  

under nonworking cond i t i ons .  ( a  

Radon Daughter Epi demi 01 ogy Stud ies 
p~ 


The ep i  demi 01 og i  c a l  data  d e r i  ved f rom many types o f  underground m in i  ng 


show a re1 a t i  v e l y  cons i s t en t  re1  a t i  onsh ip  between l u n g  cancer in c i  dence and 


exposure t o  radon daughters i n  WLM. Th is  u n d e r l y i n g  cons is tency  i s  p robab ly  


. 	 r e l a t e d  t o  t h e  r e l a t i v e l y  narrow range o f  b ronch ia l  dose per  WLM. Assessing 

t h e  r i s k  o f  a t t r i b u t a b l e  l ung  cancer through human ep idem io log i ca l  s t u d i e s  i s  

d i f f i c u l t  because t h e  d e t a i l e d  i n f o r m a t i o n  requ i r ed  i s  not  a v a i l a b l e .  I n  t h e  

i d e a l  case, t h e  exposure o f  each miner as a f unc t i on  o f  t ime  would be l ong  

enough and t h e  f o l l owup  p e r i o d  would be l o n g  enough f o r  a l l  o f  t h e  group t o  

have d i e d  from lung  cancer o r  o ther  causes. I n  a d d i t i o n ,  sepa ra t i ng  a t t r i -  

b u t a b l e  l ung  cancers f rom those a r i s i n g  spontaneously o r  f rom c i g a r e t t e  smoking 

-
( a )  	 Envi ronmental P ro tec t  i o n  Agency (EPA). 1980 ( D r a f t ) .  D r a f t  Envi ronmental  

Impact Statement (DEIS) f o r  Remedial Ac t i on  Standards f o r  I n a c t i v e  Uranium -
Processln; S i tes .  EPA 52014-80-011, Environmental  P r o t e c t i o n  Agency, 
Researc r iangle  Park, Nor th  Carol  ina. 



would be poss ib le .  The cumulat ive exposure, person-years a t  r i s k ,  and t h e  num-

ber  o f  a t t r i b u t a b l e  l u n g  cancers would a l l o w  a r i s k  f a c t o r  t o  be c a l c u l a t e d  

e x a c t l y  . 
The present  data do no t  f u l f i  11 t he  above requirements because exposures 

a r e  on l y  est imates and t h e  fo l lowup per iods  a r e  n o t  l o n g  enough. Never the less,  

by recogn i z i ng  t h e  l i m i t a t i o n s  o f  t h e  data,  we can es t imate  a mean r i s k  f a c t o r  

based on t h e  a v a i l a b l e  ep idemio log ica l  data. 

Human da ta  a re  now a v a i l a b l e  from severa l  groups o f  underground metal  o r e  

miners:  t h e  U.S., Canadian, and Czechoslovakian uranium miners;  Swedish and 

B r i t i s h  i r o n  miners;  Swedish lead  and z i n c  miners;  and Newfoundland f l u o r s p a r  

miners.  A1 though o t h e r  p o t e n t i  a1 carcinogens such as d i e s e l  smoke, t r a c e s  of 

a r s e n i c  o r  n i c k e l  and i r o n  ore a re  found i n  these mines, t he  l u n g  cancer 

response appears t o  be p r e d i c t a b l y  based on radon daughter exposure. Some of  

these  s t u d i e s  have d i v i d e d  t h e  workers i n t o  subgroups on t h e  bas is  o f  exposure. 

E i  ghteen o f  these subgroups were se lec ted  as be ing  most s u i t a b l e  (cons i  d e r i  ng 

bo th  ep idemio log ica l  and envi  ronmental da ta )  f o r  q u a n t i t a t i v e  t rea tment  of t h e  

lower  exposure l e v e l s  (Archer, Radford and Axelson 1979). I n  a d d i t i o n  t o  t h i s  

t rea tment ,  these min ing  popu la t ions  have been reviewed by o the r  authors  and 

o rgan i za t i ons  (NIOSH/NIEHS 1971; NAS 1972, 1980; Sevc, Kunz and P l  acek 1976; 

Jorgensen 1973; Axelson and Sundell 1978; Snihs 1973, 1974; Renard 1974; 

DeVi 11 ie r s  and W i  n d i  sh 1964; Wright and Couves 1977; McCul 1 ough, Stocker  and 

Makepeace 1979; UNSCEAR 1977; Evans e t  a l .  1981; and Radford 1981a). 

The da ta  t hus  f a r  suggest t h a t  an abso lu te  t h r e s h o l d  exposure f o r  l u n g  

cancer i n d u c t i o n  i s  h i g h l y  u n l i k e l y .  'This i s  cons i s ten t  w i t h  cu r ren t  views o f  

r a d i a t i o n  b i o l o g y  and r a d i a t i o n  p r o t e c t i o n  t h a t  r a d i  a t i  on-induced cancer i s  a 

s t o c h a s t i c  process. Some argue t h a t  t he  l u n g  cancer m o r t a l i t y  data a t  t h e  low-  

es t  r epo r ted  exposures a re  no t  s t a t i s t i c a l  l y  d i f f e r e n t  f rom expected (Evans 

1967; Stranden 1980) and t h a t  a t  l e a s t  a " p r a c t i c a l "  t h r e s h o l d  f o r  radon daugh- 

t e r  ca rc inogenes is  may e x i s t .  Archer, Radford and Axelson (1979) conclude from 

t h e i r  a n a l y s i s  o f  t h e  18 subgroups t h a t  i f  a t h r e s h o l d  e x i s t s ,  i t  i s  below 20 

t o  30 WLM. Snihs (1973, 1974) cons iders  t h e  lowest  underground exposure 

r e s u l t i n g  i n  an apparent inc rease  i n  lung  cancer deaths i n  Swedish miners t o  be 



about 15 WLM, a l though he s t a t e s  t h a t  drawing conc lus ions  about t h e  exposure- 

response re1  a t i  onship be1 ow 100 WLM i s  impossible.  Hewitt (1979) concludes 

from t h e  a n a l y s i s  o f  Canadian uranium miners t h a t  i f  a t h r e s h o l d  e x i s t s ,  i t  i s  

be1 ow 60 WLM. Thus, t h e  poss i  b i  l i t y  e x i s t s  t h a t  env i ronmenta l  radon daughters  

do n o t  induce l ung  cancer. 

The inc idence  o f  lung  cancer a t t r i b u t a b l e  t o  radon daughter exposure 

observed i n  t h e  var ious  min ing  subgroups ranges o v e r a l l  from about 1.5 t o  

50 cases pe r  WLM/year/lO 6 persons, w i t h  a reasonable average va lue of 10 x 

pe r  person per  year  pe r  WLM. This  average va lue has been accepted i n  t h e  

l u n g  cancer e s t i m a t i o n  model o f  Har ley and Pasternack (1981) as be ing  reasona-

b l y  r e a l i s t i c  when p r e d i c t i v e  data a re  compared t o  background (normal l y  occur -

r ing) 1 ung cancer inc idence i n  nonsmokers from env i  ronmental exposure t o  radon. 

I n  e s t i m a t i n g  t he  e f f e c t  o f  radon daughter exposure a t  env i ronmenta l  

l e v e l s  (norma l l y  l e s s  than about 20 WLM per  l i f e t i m e ) ,  t h e  a t t r i b u t a b l e  r i s k  a t  

h i g h  exposures must somehow be ex t rapo la ted  t o  t h e  low exposure reg ion .  Wi th  

t h e  convent iona l  method, t h e  e x t r a p o l a t i o n  i s  l i n e a r ,  even though some s t u d i e s  

suggest t h a t  exposures may be even more e f f i c i e n t  i n  i nduc ing  l ung  cancer as 

t h e  exposure r a t e  approaches background l e v e l s  (Archer  1978). 

0.5.4 	 I n f l u e n c e  o f  C i g a r e t t e  Smoke 

The e f f e c t  o f  c i  g a r e t t e  smoke on r a d i  a t i  on - i  nduced cancer probabi 1 i ties 

i s  s t i l l  unresolved. Dur ing per iods  of r e l a t i v e l y  s h o r t  fo l lowup (15 t o  

25 yea rs ) ,  c i g a r e t t e  smoking i s  assoc ia ted w i t h  a markedly increased inc idence  

of l u n g  cancer i n  miners. Dur ing pe r i ods  of f o l l owup  t h a t  a r e  30 t o  60 yea rs  

a f t e r  i n i t i a l  exposure, l ung  cancer inc idence  i s  r epo r ted  t o  be e i t h e r  somewhat 

g r e a t e r  arnong nonsmokers than smokers (Axel  son and Eddi ng 1980) o r  about t h e  

same (Radford 1981b). The human evidence has been conf i rmed i n  s tud ies  w i t h  

beagle dogs; i n  those s tud ies ,  dogs t h a t  smoked had fewer  r e s p i r a t o r y  t r a c t  

tumors than  dogs t h a t  d i d  not  smoke, hu t  they had comparable radon daughter 

exposures (Cross e t  a l .  1978). The data on c i g a r e t t e  smoking suggest t h a t  

smoking's p r i n c i p a l  r o l e  i n  lung cancer among uranium miners i s  t o  a c c e l e r a t e  

t h e  appearance o f  cancers induced by r a d i a t i o n .  The r o l e  of smoking a t  reduced 

radon l e v e l s  i s  unknown. 



-- 

0.5.5 Animal S tud ies  

Animal s t ud ies  were conducted severa l  decades ago i n  i n i  t i a1 at tempts  t o  

i d e n t i f y  t h e  na tu re  and l e v e l s  o f  uranium mine a i r  contaminants t h a t  were 

r e s p o n s i b l e  f o r  produc ing t h e  l ung  cancers observed among uranium min ing  popu- 

l a t i o n s .  Many o f  t hese  s t u d i e s  were concerned w i t h  e a r l y  e f f e c t s  o r  sho r t - t e rm  

p a t h o l o g i c  changes (Jansen and Schu l t ze r  1926; Read and Mottram 1939; Jackson 

1940). I n  these  s t u d i e s  a lso ,  exposures were p r i m a r i l y  based on radon gas 

concen t ra t i ons ,  thus  l e a v i n g  l i t t l e  o r  no i n f o r m a t i o n  on t h e  radon daughter  

c o n c e n t r a t i o n s  t h a t  subsequent ly have been shown t o  c o n t r i b u t e  t h e  g r e a t e s t  

r a d i a t i o n  dose t o  t h e  lung. The e a r l i e r  s t ud ies  i n  which l ung  tumors were 

produced were me thodo log i ca l l y  o r  s t a t i s t i c a l l y  inadequate t o  show an une-

q u i v o c a l  a s s o c i a t i o n  o f  l ung  tumors a f t e r  exposure t o  radon o r  radon daughters 

(Huech 1939; Rajewsky, Shraub and Shraub 1942a, 1942b; Kushneva 1959). 

: Beg inn ing  i n  t h e  1950s, a growing concern emerged t h a t  t h e  inc reased  i n c i -  

dence o f  r e s p i  r a t o r y  cancer observed i n  t h e  European uranium m in i ng  p o p u l a t i o n  

would a l s o  be found i n  t h e  U.S. m in ing  p o p u l a t i o n  (Seven S t a t e  Uranium Min ing  

Conference 1955; Wagoner e t  a1 . 1964). Systemat ic  s t u d i e s  were subsequent ly  

begun i n  t h i s  coun t ry  t o  i d e n t i f y  t h e  agents r espons ib l e  f o r  t h e  excess l ung  

cancer  and t o  develop exposure-response re1  a t i  onsh ips w i t h  animal s. 'The 

impor tance o f  accu ra te l y  de te rmin ing  t h e  l e v e l s  o f  radon daughter r a d i o n u c l i d e s  

i n  mine a i r  was a l s o  noted by severa l  i n v e s t i g a t o r s  (Bale  and Shapi ro  1956; 

I i a r l e y  1953). Researchers a t  t h e  U n i v e r s i t y  o f  Rochester began t o  focus a t t e n -

t i o n  on t h e  b i o l o g i c a l  and phys i ca l  behav io r  o f  radon daughters as w e l l  as 

t h e i  r c o n t r i b u t i o n  t o  t h e  r a d i a t i o n  dose o f  t h e  r e s p i r a t o r y  t r a c t  ( H a r r i s  1954; 

Morken 1955).(" Shapiro (1954) exposed r a t s  and dogs t o  severa l  l e v e l s  o f  

radon a lone  and i n  t h e  presence o f  radon daughters  a t tached t o  "room d u s t "  

ae roso ls .  He showed t h a t  t he  degree of at tachment of radon daughters t o  

c a r r i e r  dust  p a r t i c l e s  was a p r imary  f a c t o r  i n f l u e n c i n g  t h e  r a d i a t i o n  dose t o  

( a )  	 A lso  Bale,  Y. J. 1951. "Hazards Assoc ia ted w i t h  Radon and Thoron." 
Memo, March 14, 1951, Div. B i o l .  and Med., Atomic Energy Commission, 
Washington, D.C. 



t h e  a i rway e p i t h e l i u m  and demonstrated t h a t  t h i s  dose was due p r i m a r i l y  (>95%) 

t o  t h e  s h o r t - l i v e d  radon daughters  RaA ('18po) and RaC' ('14po), r a t h e r  t han  t o  

t h e  paren t  radon. 

Cohn, Skow and Gong (1953) r epo r t ed  r e l a t i v e  l e v e l s  o f  r a d i o a c t i v i t y  found 

i n  t h e  nasal  passages, t rachea, p l u s  major  b ronch i ,  and t h e  remainder of r a t  

l ungs  a f t e r  exposure t o  radon and radon daughter products .  The r e s p i r a t o r y  

t r a c t s  of an imals  t h a t  i n h a l e d  radon p l u s  i t s  decay p roduc ts  con ta i ned  

125 t imes more a c t i v i t y  compared w i t h  those o f  animals t h a t  i n h a l e d  radon 

a1 one. 

Beginn ing i n  t h e  mid 1950s, Morken i n i t i a t e d  a p i o n e e r i n g  s e r i e s  of  exper-

iments t o  eva lua te  t h e  b i o l o g i c a l  e f f e c t s  o f  i n h a l e d  radon and radon daughters  

i n  mice, w i t h  l a t e r  exper iments us i ng  r a t s ,  as w e l l  as beagle  dogs (Morken and 

Sco t t  1966; Morken 1973a, 1973b). The e s s e n t i a l l y  nega t i ve  cha rac te r  of  t h e  

b i o l o g i c a l  r e s u l t s  shown i n  these s tud ies  suggested t h a t  a - i  r r a d i  a t  i o n  i s  

i n e f f i c i e n t  i n  p roduc ing  r a d i a t i  on-speci f i c  tumors i n  t h e  r e s p i r a t o r y  system. 

The o n l y  apparent l a t e  and permanent changes occurred i n  t h e  a l v e o l a r  and 

r e s p i r a t o r y  b r o n c h i a l  reg ions  o f  t h e  l u n g  f o r  a wide range o f  exposure l e v e l s  

and f o r  observa t ion  t imes o f  t h r e e  years  i n  t h e  dog and one and two years  i n  

t h e  r a t  and mouse. I n j u r y  was produced i n  t h e  b r o n c h i a l  t i s s u e ,  b u t  i t  was 

q u i c k l y  repa i  r e d  a f t e r  i r r a d i a t i o n  ceased. 

I n  t h e  l a t e  1960s and e a r l y  1970s, France and t h e  U.S. i n i t i a t e d  s t u d i e s  

i n  which 1 ung tumors were s u c c e s s f u l l y  produced f rom i n h a l e d  radon daughters 

(Perraud e t  a l .  1970; Chameaud e t  a l .  1974, 1980; Cross e t  a l .  1978). At  an 

average es t imated  l u n g  dose o f  about 3000 rad  f ro11  radon daughters,  f o l l o w i n g  

p r i o r  l ung  s t r e s s i n g  w i t h  s t a b l e  cerium, 73 o f  t h e  r a t s  i n  t h e  French s t u d i e s  

developed ma1 ignant tumors (Perraud e t  a1. 1970). I n  subsequent French 

s t u d i e s ,  r a t s  exposed e i t h e r  t o  radon daughters  a lone o r  i n  combinat ion w i t h  

uranium o r e  dus t  and c i g a r e t t e  smoke a l s o  produced tumors i n  t h e  l u n g  (Chameaud 

e t  a1 . 1974, 1980). The U.S. s t ud ies  were designed t o  s y s t e m a t i c a l l y  determine 

t h e  pathogenic  r o l e  o f  radon daughters,  uran ium o r e  dust,  d i e s e l  eng ine exhaust  

fumes, and c i g a r e t t e  smoke, alone o r  i n  va r i ous  combinat ions.  These s t u d i e s  

i n v o l v e d  l i f e - s p a n  exposures o f  beagle dogs and Sy r i an  golden hamsters (Cross 



e t  a1 . 1978). F o l l  owup s t u d i e s  a re  c u r r e n t l y  be ing  conducted w i t h  r a t s .  I n  

t h e  l a t e r  U.S. s t ud ies ,  tumors a l s o  were produced i n  t h e  r e s p i r a t o r y  t r a c t s  o f  

t h e  animals.  

The animal s t u d i e s  have supported t h e  human ep idemio logy s tud ies .  Noted 

s i m i l a r i t i e s  a r e  as f o l l o w s :  

1. 	 Tumor p roduc t i on  pe r  WLM a t  very  h i gh  exposures i s  lower  than  a t  


moderate exposures. This has been t e s t e d  p r i m a r i l y  i n  r a t s  (Cross 


e t  a1 . 1980; Chameaud e t  a1 . 1980). 'The lowes t  a t t r i b u t a b l e  l u n g  


cancer r a t e s  pe r  u n i t  exposure were observed i n  t h e  U.S. uran ium 


miners  and Canadian f l uorspar  miners, where radon daughter l e v e l  s 


were t h e  h i ghes t  o f  a1 1 t h e  underground mines. 


2. 	 Tumor p r o d u c t i o n  appears t o  inc rease  w i t h  a decrease i n  exposure r a t e  


(Cross e t  a l .  1980). Th is  i s  suggested i n  bo th  t h e  human and animal 


s t u d i e s  a l though  exposure r a t e  i s  cons idered t o  be o f  l e s s  impor tance 


than  cumul a t  ive exposure. 


3. 	 A lower  l i f e t i m e  i nc i dence  of l ung  cancer i s  observed i n  dogs exposed 


t o  c i g a r e t t e  smoke i n  succession w i t h  radon daughters and uranium o r e  


dus t  than  t o  radon daughters and uranium o re  dust  w i t h o u t  c i g a r e t t e  


smoke (Cross e t  a l .  1978). Th is  e f f e c t  was a l s o  observed i n  a smal l  


group o f  Swedish z i nc - l ead  miners and i s  t e n t a t i v e l y  asc r i bed  t o  t h e  


p r o t e c t i v e  e f f e c t  o f  increased mucus p r o d u c t i o n  f rom smoki ng (Axel  son 


and Sundel l  1978) o r  o f  t h e  th i ckened  mucosa r e s u l t i n g  f rom smoker's 


b r o n c h i t i s .  Tobacco smoke has been found t o  be cocarc inogen ic  w i t h  


radon daughters when g iven t o  r a t s  f o l l o w i n g  t h e i r  cumu la t i ve  expo- 


su re  t o  t h e  daughters (Chameaud e t  a l .  1980). Th is  e f f e c t  i s  n o t  


observed, however, when smoking precedes t h e  radon daughters 


(Chameaud e t  a l .  1981). This may p a r t i a l l y  e x p l a i n  t h e  d i sc repanc ies  


observed i n  t h e  i n t e r p r e t a t i o n  of ep i dem io log i ca l  data. 


4. 	 Ernphysema can be a t t r i b u t e d  t o  radon daughter  exposure i n  b o t h  

animal s (hamsters, r a t s ,  and dogs) and underground m i ners. The 

s imul taneous presence o f  o r e  dust  o r  d i e s e l  fumes does n o t  appear t o  



i n c rease  t h e  number o f  tumors produced by exposure t o  radon daughters 

(Cross e t  a l .  1978, 1980; Chameaud e t  a l .  1981). 

5. 	 For  equal cumulat ive exposures, t h e  o l d e r  t h e  age a t  t h e  s t a r t  of 

exposure, t h e  s h o r t e r  t h e  l a tency  p e r i o d  and, w i t h i n  l i m i t s ,  t h e  

h i g h e r  t h e  assoc ia ted  r i s k  (Chameaud e t  a1 . 1981). I n  humans, t h e  

h i g h e s t  r i s k  c o e f f i c i e n t  ca lcu la ted ,  50 x  l o m 6 l u n g  cancers per  y e a r  

p e r  WLM, i s  f o r  persons f i r s t  exposed l a t e r  i n  l i f e  (over  40 years of 

age). 

6. 	 The es t imates  made by t h e  var ious  dos ime t r i c  models appear t o  be 

borne ou t  i n  t h e  var ious  species. 'The tumors induced i n  exper iments 

w i t h  hamsters and r a t s ,  which have s i m i l a r  l ung  morphometry, occur i n  

t h e  d i s t a l  p o r t i o n  o f  t he  conduct ing a i rways o r  i n  t h e  pulmonary 

reg ion .  These reg ions rece ive  t h e  h i ghes t  dose, based on c a l c u l a -  

t i ons (Desros ie rs ,  Kennedy and L i t t l e  1978). Human tumors appear 

a lmost  e x c l u s i v e l y  i n  t h e  upper generat ions o f  t h e  b ronch ia l  t r e e .  

Absorbed dose c a l c u l a t i o n s  show t h a t  basal  c e l l s  i n  t h e  upper a i rways 

a t  about t h e  segmental bronchi  r ece i ve  t h e  h i ghes t  dose from radon 

daughters (Har ley and Pasternack 1972). 

7. 	 L i f e t i m e  r i s k  c o e f f i c i e n t s  are s i m i l a r  i n  bo th  t h e  animals and 


humans. The r a t  data appear t o  range between 1 and 4 x pe r  WLM 


f o r  a l l  tumors (benign and ma l ignan t )  a t  cumula t i ve  exposures l e s s  


than  5000 WLM (Chameaud e t  a l .  1 9 8 1 ) . ( ~ )  A t  exposures where l i f e -  


span does not  appear t o  be s i g n i f i c a n t l y  shortened ( ~ 5 0 0  WLM), t h e  


l i f e t i m e  r i s k  c o e f f i c i e n t  appears t o  be about 2 x l o e 4  p e r  WLM f o r  


mal ignancies and ranges between 2 t o  4 x f o r  a l l  tumors. As 


y e t ,  data a re  i n s u f f i c i e n t  t o  determine t h e  va lue  below 100 WLM 

exposures. 

( a )  	 F. T. Cross, e t  a l .  Unpublished data f rom d r a f t  r epo r t ,  An Overview of 
t h e  PNL Experiments With Reference t o  Epidemiology Data. P a c i f i c  Nor th -
west Laboratory ,  R i c h l  and, Washington. 
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